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The impact of temperature up to 1000 °C on physical, mechanical, and thermal properties of 
Eibenstock granite (EG) were investigated. Thermo-mechanical behaviors of EG applying heating 
rates of 5 °C/min, 200 °C/min, 300 °C/min, and according to ISO 834 standard fire curve were also 
studied. A supersonic frequency induction heating system was used to conduct the required heating 
scenarios and to perform uniaxial compression tests under the desired temperatures. P-wave 
velocity test and Digital Image Correlation (DIC) technique were used for analyzing the cracking 
behavior of granite with various heating scenarios. Lab testing results show that except for friction 
angle, all the other investigated granite properties show obvious temperature-dependent 
characteristics. The maximum temperature has the dominant impact on mechanical properties of 
granite sample, while the influence of heating rate is relatively small. The DIC analysis shows the 
crack initiation and progressive crack propagation before the main crack is formed at failure. The 
final failure patterns prove that different heating scenarios lead to different microcrack structures 
and consequently influence the failure mode at the macroscopic scale. 
 
General temperature-dependent relations of properties for most granites have been deduced based 
on comprehensive data compilation. These relations are combined with classical Mohr-Coulomb 
model with strain softening and tension cut-off. A new methodology combining Weibull functions 
and the real mineral composition of granite is also proposed. It overcomes the shortcomings of 
using existing methods for the heterogeneity characterization of rocks at the grain size level. The 
proposed modelling strategy is able to duplicate the thermal induced cracking which results in 
reduced peak strength, pronounced softening and transition from brittle to ductile behaviour. The 
simulation results reveal that the thermal induced microcracks are randomly distributed across the 
whole sample. UCS reduction of granite due to heating is mainly caused by the increase of shear 
failures at high temperatures. The dominant impact of α-β quartz transition is widening pre-existing 
cracks rather than the formation of new microcracks. The small strength variation in respect to 
different heating rates is caused by a different induced cracking structure. The presented results 
help to understand the damage mechanisms of granite caused by fire or other high temperature 
conditions, and can be used to develop guidelines for repair and maintenance as well as assessment 
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Due to the demand for high temperature applications in geosciences and geoengineering, the study 
of the thermo-mechanical behavior of rocks at high temperatures has become of great importance 
(Vázquez et al. 2015; Kumari et al. 2017a). Understanding the thermo-mechanical behavior of 
rocks is necessary for safe and effective geoengineering applications, especially at great depths like 
geothermal energy extraction, deep geological disposal of nuclear waste, deep mining, fire 
accidents in tunnels and mines etc. As one of the most common rocks on earth, granite is often met 
in underground constructions like nuclear waste repositories, mines and tunnels, or serves as 
foundation for buildings, bridges or dams. In general granite is very resistant, but under high 
temperature impact like generated in geothermal processes or during a fire the properties can 
change significantly. The main mechanism of this change is attributed to the generation or 
coalescence of thermal cracks (Heuze 1983; Dwivedi et al. 2008; Gautam et al. 2016). These 
irreversible damages reduce strength and integrity of the granite.  
 
Besides deep geoengineering applications like tunnels also historical sites, buildings, sculptures 
etc. are often damaged by high temperatures during fire accidents (Larsson 2006; Sippel et al. 2007; 
Nordlund et al. 2014). In Europe natural stones were often used as building material and numerous 
historical buildings have been built from rocks such as granite (Hajpál 2010; Freire-Lista et al. 
2016). These buildings have been frequently damaged by fire in history till present (Hajpál 2002), 
such as the disastrous fire accident of the Notre Dame Cathedral in 2019 (Figure 1-1). During the 
last twenty years a number of tunnel fires with fatalities have also taken place all over the world 
(Larsson 2006). Rocks such as granite, gneiss, sandstone etc. can be quickly exposed to high 
temperatures caused by a tunnel fire (Nordlund et al. 2014). However, the understanding of rock 
behavior during fire is limited, and there is still a lack of an unequivocal approach for the 
assessment of rock damaged by fire (Hajpál 2002; Sippel et al. 2007; Nordlund et al. 2014). 
Although the temperature influence on rocks has been investigated by many researchers (Heuze 
1981; Dwivedi et al. 2008; Vázquez et al. 2015; Gautam et al. 2016; Kumari et al. 2017b), the 
results obtained are usually based on slow heating rates and the mechanical properties are obtained 
at room temperature. Only limited research efforts have been made in the area of fire-induced 
damage of rocks (Nordlund et al. 2014). 
 




This study aims at investigating the physical, mechanical, and thermal properties of granite for 
various thermal scenarios including fire conditions, and developing a new numerical scheme to 
simulate the thermal induced damage of granite. The research strategy underlying this thesis is 
illustrated in Figure 1-2. 
 
 
Figure 1-1 Fire accident of Notre-Dame Cathedral in Paris (Wikipedia 2019)  
 
 
Figure 1-2 Research strategy and structure of thesis 
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2 State of the art 
 
2.1 Theoretical background of thermal cracking of rocks 
 
High temperatures have an obvious impact on physical and mechanical properties of rocks. These 
changes are complex and different for different types of rock (Brotóns et al. 2013; Gautam et al. 
2016). Like many other brittle materials, granites can be damaged by the accumulation of internal 
stresses induced by thermal loading. Thermal stresses are mainly controlled by (a) the constituents 
of the rocks (minerals and pore fillings have different thermal expansion characteristics), (b) 
thermal expansion anisotropy within individual minerals and, (c) thermal gradients (Yong and 
Wang 1980; Heap et al. 2013; Wang and Konietzky 2019). 
 
Johnson et al. (1978) proposed three models to demonstrate the importance of the mismatch of 
thermal expansions of neighboring grains and illustrate why both, grain-boundary and intra- 
granular cracking occur. The bicrystal model (see Figure 2-1) is used to illustrate the development 
of intergranular cracks. Isotropic crystal 1 and crystal 2 have linear thermal expansion coefficients 
αt1 and αt2, elastic moduli E1 and E2, and Poisson’s ratios ν1 and ν2. They are bonded along a planar 
boundary with a temperature increment ΔT. Crystal 1 attempts to expand αt1·ΔT, whereas the 
crystal 2 expands αt2·ΔT. These expansions are not compatible, and intermediate intergranular 
stresses develop to constrain the different expansions. Crystal 1 is restricted by a compressive stress 
which is equal to the tensile stress in crystal 2. The tensile stress 𝜎𝑡  in crystal 2 is given by 
(compression is positive) (Johnson et al. 1978): 
1 2
t2 t1
2 1 1 2
( )







                    (2-1) 
 










Because the bicrystal model is not capable to illustrate the development of grain boundary cracks, 
a spherical-inclusion model (see Figure 2-2) is built. This model simulates a spherical, isotropic 
inclusion 1 imbedded in a finite, isotropic matrix 2. For a uniform temperature increase, a 
hydrostatic stress σh develops in the inclusions equal to (Johnson et al. 1978): 
t1 t2 1 2
h
2 1 1 2
2( )









                       (2-2) 
where subscripts 1 and 2 refer to inclusion and matrix, respectively. The radial stress 𝜎𝑟 and 
tangential stress 𝜎𝜃 induced in the surrounding matrix in spherical coordinates are (Davidge and 
Green 1968; Johnson et al. 1978): 
3 3
h h




                            (2-3) 
where R is the radius of the inclusion, and r is the radial distance from its center. 
 
If αt1 > αt2, radial cracks are likely to form in the adjacent matrix (Figure 2-2a); if αt1 < αt2, thermal 
induced microcracks should form at the interface (Figure 2-2b). 
 
Figure 2-2 Sketch of spherical-inclusion model (modified from Johnson et al. 1978) 
In a monomineralic aggregate like Quartzite, the greater the crystallographic mismatch of 
neighboring grains, the greater the intergranular stresses. The maximum tensile stress (fracture is 
assumed not to occur) in the Quartzite is given approximately by (Johnson et al. 1978): 
max tc ta
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where subscripts refer to the a and c crystallographic axes. Due to the α-β transition of quartz at 
573 °C, thermal expansion and Young’s modulus will change significantly, thus leading to a 
significant thermal stress variation. 
 
2.2 Temperature-dependent properties 
 
Many researchers have conducted lab tests to investigate the physical properties and the mechanical 
behavior of granites at room temperature after heating or directly at elevated temperatures (see 
Table 2-1). Since different granites have different property values, normalized values are used to 
detect tendencies without considering the influence of the individual granite type. Normalized 
property values Pt/Pt0 relate the property values at elevated temperature or property value at room 
temperature after heating to the desired temperature (Pt) to the value at room temperature (Pt0) 
without any heating. The selected mechanical and thermal properties of granite are shown as 
functions of temperature in Figure 2-3 and Figure 2-4, respectively. The corresponding fitting 
equations (Wang and Konietzky 2019) are documented in Table 2-1. 
 
Generally, tensile strength of granites decreases with increasing temperature from 25 to 1050 °C. 
The tensile strength variation with increasing temperatures has the greatest rate of change at Tα-β 
(α-β quartz transition) of about 573 °C (see Figure 2-3a). Cohesion will generally decrease with 
increasing temperatures (see Figure 2-3b). However, the temperature dependency of friction angle 
is less significant and to some extend questionable (Wang and Konietzky 2019). Young’s modulus 
usually decreases with increasing temperatures but some granites exhibit a slight increase within a 
certain temperature range (e.g. 25 to 200 °C) (see Figure 2-3c). Poisson’s ratio decreases gradually 
with increasing temperature between 25 °C and 600 °C, but the value is likely increasing strongly 
beyond a critical temperature (around 600 °C) (see Figure 2-3d). Thermal expansion coefficients 
will increase sharply before the phase transition of quartz at Tα-β = 573 °C and then reduce strongly 
within a short time (see Figure 2-4a). However, granite could also experience another further jump 
in thermal expansion between 800 and 900 °C due to a further phase-transition of quartz to 
hexagonal tridymite (Hartlieb et al. 2016). The increase of specific heat with temperature will 
experience a discontinuity close to the α-β transition (see Figure 2-4b), while the thermal 
conductivity show a continuous decrease with rising temperature (see Figure 2-4c).  
  




Table 2-1 Data compilation of temperature-dependent properties of granite (see Fig. 2-3 and 2-4) 
Property Fitting equations 
Tensile strength 
Remiremont granite, Charcoal granite, Senones granite, Westerly granite, Indian 
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Westerly granite (Bauer and Johnson 1979); Granite X (Xu et al. 2014), Strathbogie 
granite (Kumari et al. 2017b); Westerly granite 1 (Dwivedi et al. 2008); Westerly 
granite 2 (Dwivedi et al. 2008); Charcoal granodrite (Friedman et al. 1979); Granite 
T (Tian et al. 2016). 
0
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Young’s modulus 
Strathbogie granite (Shao et al. 2015); Remiremont granite, Senones granite, 
Salisbury granite, British granite, Indian granite (Dwivedi et al. 2008); Granite Y 
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Poisson's ratio 
Granite Y (Yang et al. 2017); Granite T (Tian et al. 2016); Strathbogie granite 
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Shield granite α (Ramana and Sarma 1980); Granite α H (Heuze 1983); Quartz β 
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granite β (Cooper and Simmons 1977); Quartz-a-axis α , Quartz-c-axis α 
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Salisbury granite, USSR granite (Dwivedi et al. 2008); Charcoal gray granite, 
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Granite H (Hartlieb et al. 2016); Granite R (Romine et al. 2012); Granite W (Wen 
et al. 2015); Granite Z (Žák et al. 2006); Empirical law (Heuze 1983). 
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Figure 2-3 Normalized mechanical properties vs. temperature 
 
Therefore, a significant change in material parameters is usually caused by the α-β transition of 
quartz at 573 °C. The quartz phase transition is a displacive transition, and only a distortion of the 
structure without breakage of bonds (see Figure 2-5) (Xie et al. 2012; Dong et al. 2015). Expansion 
through the high-low transformation (i.e. α-β transition) is reversible and continuous. The 
maximum linear coefficients of expansion at the transformation can be up to 400 ± 50  10-6/°C 
(a) Normalized tensile strength                                     (b) Normalized cohesion 
(c) Normalized Young’s modulus                                 (d) Normalized Poisson's ratio 




between 572 and 574 °C (Ackermann and Sorrell 1974). As a result, the α-β transition will strongly 
influence the thermal cracking behaviour of granite at elevated temperatures. 
 
 
Figure 2-4 Normalized thermal properties vs. temperature 
 
Some scholars attribute the property (especially strength) change to the large amounts of newly 
developed microcracks induced by the α-β quartz transition. Glover et al. (1995) reported about 
acoustic-emission (AE) experiments that monitor the process of thermal cracking during heating. 
They proposed that the peak in AE hit rate represents acoustic emissions that occur as a result of 
(a) Normalized thermal expansion coefficient 
(b) Normalized specific heat                                 (c) Normalized thermal conductivity 




the gross microcracking induced by the quartz phase transition. Consequently, the generation of a 
large number of new cracks has a significant effect on other properties of the granite. Chen et al. 
(2017) used AE monitoring, ultrasonic velocity measurements and scanning electron microscope 
(SEM) observations to assess the thermal effect on physical and mechanical properties of granite. 
They think the pronounced weakening at 573 °C is due to newly developed intragranular cracks 
caused by the phase transition of quartz. Chaki et al. (2008) conducted laboratory measurements to 
investigate the influence of thermal damage on physical properties of granitic rocks. They also 
believe that the α-β phase transition is an important factor to induce microcracks. Inserra et al. 
(2013) deem that the marked structural changes in heated granite are due to drastic changes in the 
microstructure connected with the generation of new cracks at elevated temperatures, especially at 
the α-β transition temperature of quartz at 573 °C. Yang et al. (2017) used X-ray micro CT and 
investigated the thermal damage of granite after high temperature treatments. They believe the 
transition results in a large increase in volume of quartz, and therefore a substantial amount of 
thermal microcracking occurs. 
 
 
Figure 2-5 Structural changes of quartz (Dong et al. 2015) 
 
However, other studies reveal that quartz expansion might predominantly be caused by the 
extension of already existing microcracks. Which means that the majority of microcracks are 
induced before the quartz phase transition takes place, and that these cracks will be only widened 
during the quartz transition. Johnson et al. (1978) investigated the longitudinal wave velocity and 
porosity of Westerly granite, and found that - above 573 °C - the porosity increase is associated 
primarily with microcrack-gap widening rather than new microcrack formation. Lin (2002) 
(a) α-quartz                                                                      (b) β-quartz 




measured microcrack density by using optical microscopes. He found that the crack density begins 
to increase gradually after crack generation, but no abrupt change happens up to 600 °C. This 
means the quartz transition at 573 °C does not have an effect on accelerating the generation of new 
cracks. However, the crack width and width increment experience a rapid increase from 500 to 
600 °C, indicating a crack expansion caused by the quartz transition at 573 °C. Bauer and Johnson 
(1979) measured the variation of longitudinal wave velocity and crack density of Westerly and 
Charcoal granites with maximum temperature attained during a thermal cycle. Although the 
velocities decreased rapidly between 500 °C and 600 °C with the greatest rate at 573 °C, no rapid 
increase of crack density happens in both, Westerly and Charcoal granite. This means the quartz 
transition does not have an obvious contribution to the crack density evolution (i.e. new crack 
generation), but can influence the opening of pre-existing cracks. This is confirmed by a deeper 
going SEM study of Westerly granite by Bauer and Johnson (1979). In their study, specimens were 
sequentially heated to 200 °C, 450 °C, and 750 °C to observe microcrack development and 
widening. Cracks that had existed at 200 °C have widened at 450 °C with aperture increase by a 
factor of two. Heating to 750 °C results primarily in widening of cracks existing at 450 °C, with 
aperture widening further by a factor of two to six. In addition, a few new cracks are observed. 
Besides the authors mentioned above, Homand-Etienne and Houpert (1989) used SEM technique 
to observe thermal cracking in a temperature range between 20 to 600 °C for two different types 
of granite. SEM observations showed that during the thermal treatment, the crack width 
enlargement is intensified with ongoing temperature increase. Especially between 500 °C and 
600 °C, such cracks manifest that openings could be more than tripled. Nasseri et al. (2007) also 
found that at lower temperatures up to 450 °C, the widths measured in intragranular (IG) and grain 
boundary (GB) cracks remained more or less constant. However, at higher temperature, especially 
after 600 °C, an exponential increase of crack width for IG and GB microcracks was observed.  
 
The conflict between the above-mentioned explanations is based on the used techniques. For 
example, the signals of AE monitoring can be influenced by both, number and width of cracks. It 
is practically impossible to discriminate their influences. As for microscopic observations, the 
accuracy is limited by the resolution of the device. This problem is also discussed in this study. 
  




2.3 Numerical simulation of thermal induced cracking of granite 
 
Compared to the numerous documented lab tests of heated granite, numerical simulations of brittle 
rocks at very high temperatures (e.g. above 500 °C) are quite marginal. Jiao et al. (2015) proposed 
a 2D discontinuum model for simulating thermal cracking of brittle rocks within the framework of 
the Discontinuous Deformation Analysis (DDA) method (see Figure 2-6a), but the material 
deformation rate was assumed to be zero in the proposed model, i.e., the influence of material 
deformation on temperature was not considered. Shao et al. (2015) built a 2D Finite Element (FE) 
model for compression tests carried out on granite specimens at elevated temperatures (see Figure 
2-6b). One of the drawbacks of this model is that, uniform temperature across the entire granite is 
assumed. Therefore, thermal cracking cannot be simulated in a correct manner. Zhao (2016) 
elucidated the mechanisms responsible for temperature-dependent mechanical properties of granite 
using a particle-based approach (see Figure 2-6c), indicating that the strength reduction mainly 
results from the increasing thermal stresses and the generation of tensile microcracks. The 
boundary temperature was limited to 400 °C because the model could not simulate some significant 
changes induced by the α-β quartz phase transition, and also only monotonous changes of the 
mechanical behavior were obtained because no temperature-dependent parameters were assigned 
in this model. Xu et al. (2017) proposed a two-dimensional thermo-mechanical model based on 
Weibull distributions for the parameters to describe the time-dependent brittle deformation (brittle 
creep) of granite considering confining pressures and temperature-independent properties for 
different constant temperatures (maximum temperature was set to only 90 °C) (see Figure 2-6d). 
 
Previous simulations have usually applied specific loading, constant properties and low or fixed 
temperatures. However, for some cases like buildings or sculptures exposed to fire, unconfined 
boundary conditions are realistic with different heating rates, extremely high temperatures (e.g. 
800 °C) and significant changes in properties. Comprehensive models for this issue are still missing. 
Continuum based methods are quite attractive, because they can reproduce different failure 
phenomena, from brittle to ductile including softening by averaging the effect of crack evolution 
and coalescence (Wang and Konietzky 2019). Therefore, in this study the Finite Difference (FD) 
continuum code FLAC3D (Itasca 2019) is used with the aim to develop a new numerical scheme to 
simulate the thermal induced damage of granite at high temperatures. 
 





Figure 2-6 Numerical methods used in previous thermo-mechanical studies: (a) DDA method 
(Jiao et al. 2015), (b) FE model (Shao et al. 2015), (c) particle based approach (Zhao 2016), (d) 
heterogeneous continuum based model (Xu et al. 2017)  
 
Another important issue in numerical simulation is how to characterize the heterogeneous nature 
of granite. Granite is a medium to coarse grained igneous rock that is rich in quartz and feldspar. 
The percentage of different minerals varies in different granites. There are two popular approaches 
to reproduce the heterogeneous nature of granite. One of them is that the spatial distribution of 
mineral grains is modelled in a direct way based on the real mineral composition obtained from 
some techniques including X-ray diffraction and digital images of a real piece of rock. Chen and 
Konietzky (2014) simulated the time-dependent damage process of Lac du Bonnet granite with the 
discrete element method considering the microstructure including different mineral components 
and grain size. They found that the proposed modelling strategy is able to reproduce the 
(a) Fracture pattern                                 (b) Plastic strain distribution 
(c) Microcrack distribution                       (d) Strength distribution 




macroscopic short- and long-term behaviour of brittle rocks. By using integrated microscopic 
observations, image analysis and numerical modelling, Wang (2015) presented a simulation 
method characterizing heterogeneous rock breakage behaviour according to its actual 
microstructure. The results demonstrated that minerals and their distributions play a major role in 
the breakage process. Tan et al. (2016) set up a numerical discrete element model based on digital 
image processing (DIP) data. They documented the influence of heterogeneities and microstructure 
of granitic rock on the fracture pattern. Mahabadi et al. (2014) presented a thin section analysis to 
detect microcracks and to investigate the influence of heterogeneity on the failure behaviour and 
the mechanical response of crystalline rocks. They concluded that heterogeneity and microcracks 
should be considered to accurately predict tensile strength and failure behaviour. Yang et al. (2018) 
generated numerical particle-based models using results of X-ray diffraction to study the failure 
behaviour of pre-holed granite specimens after elevated temperature treatment. His simulation 
results reproduced the experimental results to some extent. Besides the authors mentioned above, 
many other researchers (e.g. Chen et al. 2004; Liu et al. 2004) also used this mineral-based method 
to study the failure behaviour of rocks considering its advantage in reproducing the heterogeneous 
characteristics. 
 
However, the mineral based method has some obvious drawbacks: (i) it heavily depends on detailed 
micro-observations and DIP; (ii) reconstruction of three-dimensional bodies of heterogeneous 
materials is restricted; (iii) only one specific configuration is duplicated; (iv) models at the grain 
size level are restricted in size due to the restricted computational power. To avoid these difficulties, 
statistical methods like the Weibull distribution has been considered to characterize the 
heterogeneity (Vales and Rezakhanlou 1999; Tham et al. 2001; Cao et al. 2004). The problem 
which has not been mentioned in previous studies is that, the statistical distribution method lacks 
the factual mineral composition of the rocks. Therefore, a new method to characterize the 
heterogeneity of rocks is needed to improve the accuracy and rationality of such simulations. 
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3 Thermo-mechanical properties of Eibenstock granite at elevated temperature 
 
In this Chapter, the thermo-mechanical behaviour of Eibenstock granite under the temperature of 
400 °C and 800 °C was studied applying heating rates of 5 °C/min, 200 °C/min, 300 °C/min, and 
according to ISO 834 standard fire curve. A supersonic frequency induction heating system was 
used to conduct the required heating scenarios and to perform uniaxial compression tests under the 
desired temperatures. A threshold modulus Ec obtained from dividing peak axial stress by the peak 
axial strain is defined to characterize the stiffness of the sample at various temperatures. Both, 
tangent Young’s modulus and threshold modulus are greatly influenced by maximum temperature, 
while the influence of heating rate is relatively small. The maximum temperature has the dominant 
impact on the uniaxial strength of granite samples, while the influence of heating rates is again 
negligible. The peak axial strain increases obviously with rising temperature. It first increases at 
200 °C/min heating rate and then reduces slightly in scenarios with heating rates of 300 °C/min or 
heating according to ISO 834. The observed failure modes after uniaxial compression tests are 
influenced by peak temperature and heating rates. The granite specimen can be thermally crushed 
into blocks, fragments or powder. The deduced friction angle for various heating scenarios is more 
or less unchanged, while the cohesion shows a strong temperature-dependent characteristic. 
 
Thermal properties including specific heat, thermal conductivity, thermal diffusivity, and linear 
thermal expansion coefficient are measured at elevated temperatures with slow heating rate of 
5 °C/min. All thermal properties are temperature-dependent, especially the expansion coefficient 
which shows a steep increase around 573 °C as well as at 870°C.  
 
3.1 Influence of various heating rates on granite properties  
 
The general temperature rise during a building fire is described in ISO 834 (see Figure 3-1), which 
was developed based on wood fuel burning furnaces, and was later modified slightly to consider a 
faster temperature rise for the first few minutes of burning to represent gas fired furnace 
temperatures (Szumiga 2015; Rodrigues and Laím 2017). The ISO 834 standard fire time-
temperature curve can be described by the equation T = T0 + 345·log(8t+1), where T0 is the room 
temperature, T is the actual fire temperature in °C, and t is time in minutes. This results in an 
average temperature rising rate in the first minute of about 330 °C/min, followed by a gradual 
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decrease to only 5 °C/min after 30 minutes. The temperature rising variation during a fire makes it 
necessary to investigate the granite behaviour at different heating rates and temperatures. However, 
almost all the existing data about granite heating are obtained at low to moderate heating rates 
(usually 1 °C/min to 10 °C/min) (Cooper and Simmons 1977; Ramana and Sarma 1980; Wang et 
al. 1989; Kumari et al. 2017b; Griffiths et al. 2018). 
 
 
Figure 3-1 Heating curves of furnaces and according to ISO 834 (from T0 =25 °C to T = 800 °C) 
 
Compared with the large number of researches on the influence of constant heating rates on granite 
properties after heat treatment, studies of the influence of variable heating rates on granite 
properties determined at elevated temperature are also marginal. Ramana and Sarma (1980) studied 
the thermal expansion of granite samples at two different rates (2 and 5 °C/min). Results show that 
the linear coefficient of thermal expansion deduced from a rate of 5 °C/min is higher than that 
obtained at 2 °C/min. Chen et al. (2017a) investigated the thermal damage of Beishan granite 
subjected to temperatures from 100 °C to 800 °C at different heating rates (ranging from 1 to 
15 °C/min). The heating rate has an obvious impact on the thermal induced cracks. Dwivedi et al. 
(2008) performed uniaxial compression tests on granite continuously heated to 65, 100, 125 and 
160 °C, and found that the compressive strength is higher than those measured at room temperature. 
Shao et al. (2015) carried out uniaxial compression strength (UCS) tests while samples were kept 
at desired temperatures of 800, 900 and 1100 °C. Stress-strain curves show that increasing 
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temperature influences the failure mechanisms of Strathbogie granite and ductility becomes 
dominating at temperatures above 800 °C. 
 
To study the fire effects in laboratories, the use of ovens to simulate the heating generated by fire 
is the most common way. Oven heating has the following advantages: availability, automatic 
functions and high degree of standardization and replication (Gomez-Heras et al. 2009). The wealth 
of published results obtained with this technique provides a sound database for comparison with 
new results. However, oven temperatures usually exhibit a delay in the first few minutes in relation 
to the ISO 834 standard fire time-temperature curve (see Figure 3-1). High heating rates cannot be 
reproduced by an electric oven. This effect becomes even worse for larger ovens with high thermal 
inertia (Li et al. 2012; Rodrigues and Laím 2017; Gao et al. 2018). 
 
Therefore, to investigate the change of granite properties during a fire, two major challenges have 
to be met: (1) reaching high speed heating with variable rates and reproduction of ISO 834 fire 
time-temperature curve of thermal loading and (2) determination of granite properties in the stage 
of high temperatures (i.e. mechanical testing at constant high temperature). Besides the slow 
heating methods, this chapter documents how these questions about high speed heating were solved 
and which corresponding results were obtained. 
 
3.1.1 Sample description and testing system  
 
The investigated granite (see Figure 3-2) is from the Eibenstock Massiv in Saxony, Germany. 
Figure 3-3 shows the mineral composition of Eibenstock granite (EG). The grains have irregular 
shapes like fan-shaped, strip-shaped, xenomorphic etc. The grain size also varies significantly. 
Orthoclase accounts for a large share of mineral composition with a proportion of 40 %. The 
minerals usually have a grain size between 1 mm to 4 mm, though some grains show a maximum 
and minimum size of 7 mm and 0.04 mm, respectively. Plagioclase accounts for 10 % of the 
minerals and usually concentrates in individual areas compared to other detectable minerals. Quartz 
has a mineral proportion of 44 %, which is very close to the value for orthoclase. The maximum 
quartz grain size ranges from 1.5 mm to 4.8 mm. Siderophyllite grains are usually scaly and 
xenomorphic, and account for 6 % of the mineral composition. The largest mineral grains reach a 
diameter of 3.5 mm, whereas the smallest have a size of 0.02 mm. Besides the minerals mentioned 
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above, accessory minerals account for less than 1 %. Cylindrical samples are prepared for high 
speed heating tests. The cylindrical samples have a nominal diameter of 50 mm and a length of 
100 mm. Both, top and bottom of the samples were grinded and polished in order to make end-
faces smooth and parallel.  All the samples were dried at room temperature before testing.  
 
  
Figure 3-2 Cylindrical sample of Eibenstock granite at room temperature 
 
 
Figure 3-3 Mineral composition of Eibenstock granite 
 
Since an ordinary heating oven cannot reach the required high heating rates, we used a supersonic 
frequency induction heating equipment as heating device (Figure 3-4). This device was designed 
by scientists at Wuhan University of Science and Technology (WUST) in China. The induction 
coil, in which cooling water flows, does not produce heat directly. It actuates the high-strength 
graphite surrounding the granite sample to generate intense heat flux. The heating system adopts 
(a) Microscopy image (thin section)                  (b) Dominant mineral composition  
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the Yudian artificial intelligence temperature controller (AI-5097) for temperature adjustment. The 
AI controller has an accuracy of 1 °C. The linear actuator, which controls the movement of the 
thermocouple, guarantees the contact between the sample surface and the thermocouple. The outer 
and inner diameters of the cylindrical graphite are 75 mm and 60 mm, respectively. The height of 
the graphite cover is about 66 mm, which leaves enough spaces for the deformation of granite 
during heating and compression. The diameter of the hole (about 8 mm) on graphite is slightly 
larger than that of the thermocouple. It allows to measure the temperature at the surface of the 
sample. Calcium silicate cotton is used as thermal insulation. Since the metal loading plates of the 
mechanical machine cannot be exposed to high temperatures, we used grinded mullite cubes as 
spacer blocks for load transmission. Mullite has excellent high temperature properties with 
improved thermal shock and stress resistance. The Young’s modulus of mullite is about 220 GPa 
at room temperature and the variation up to 1500 °C will usually be unmeasurably small and 
negligible in practice (Hamidouche et al. 2003; Pabst et al. 2013). It has a higher strength and 
stiffness than Eibenstock granite. Uniaxial tests were performed once thermal treatment was done. 
The specimens were compressed by the universal testing machine with electromechanical system 
with a loading rate of 0.5 mm/min. Axial load and displacement were measured and recorded by 
the testing machine until final failure.  
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Figure 3-5 shows the measured temperature values for heating scenerios with a target temperature 
of 800 °C and a holding time of 1 hour at target temperature. For constant heating rates (5 °C/min, 
200 °C/min, 300 °C/min), the heating device can well reproduce the desired curves. In case of the 
standard fire curve with variable heating rates the measured temperature is in good agreement with 
the temperature-time curve according to ISO 834. However, since the heating rates of ISO 834 
curve vary significantly within a short time, the used equipment proved to be not sensitive enough 
to adjust the temperature accurately during the transition from high speed heating to slow speed 
heating. As a result, the temperature in the test is slightly higher than the standard value when 
heating rates are decreasing until approaching the target temperature (see Figure 3-5). Only the 
termperature-time curves of the 800 °C scenarios are presented in Figure 3-5. The 400 °C heating 
scenerios are almost the same as the 800 °C scenarios, but they are less challenging and more easily 
to achieve by the heating device. 
 
The heating system is characterized by two limitations. One of them is that the maximum 
temperature is usually 20 to 50 °C higher than the designed value (see Figure 3-5). This overshoot 
is caused by the heat flux induced at the time before the target temperature is reached, especially 
when heating rate is high (e.g. 200 °C/min and 300 °C/min). The second one is that the system 
records only temperatures above 75 °C, data below this temperature are not collected. But this is 




Figure 3-5 Temperature curves for different heating scenarios by using the supersonic frequency 
induction heating. 
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3.1.2 Test method 
 
The tests were subdivided into three consecutive stages. A thermal treatment phase including stage 
1 and 2 was followed by a mechanical loading stage, in which the specimens were exposed to 
thermo-mechanical-coupled scenarios (see Table 3-1): (1) Heating stage: temperature increase up 
to target value; (2) Dwelling stage: holding temperature constant at target value for 1 h;  
(3) Mechanical loading stage: uniaxial compression test while specimen is still exposed to desired 
temperature. 
 
Table 3-1 Sample dimensions and heating scenarios 










1 C-1-1* 50.37 100.71 2.59 400 °C/min 400 °C+1h Yes 
2 C-1-2 50.31 100.88 2.59 5 °C/min 400 °C+1h Yes 
3 C-1-4 50.36 100.70 2.59 5 °C/min 800 °C+1h Yes 
4 C-1-5 50.32 100.97 2.59 5 °C/min 800 °C+1h Yes 
5 C-1-6 50.35 100.79 2.58 5 °C/min 400 °C+1h Yes 
6 C-2-1 50.33 100.82 2.58 300 °C/min 400 °C+1h Yes 
7 C-2-2 50.31 101.27 2.59 300 °C/min 400 °C+1h Yes 
8 C-2-4 50.33 100.97 2.59 300 °C/min 800 °C+1h Yes 
9 C-2-5 50.33 101.10 2.59 300 °C/min 800 °C+1h Yes 
10 C-3-1 50.33 101.37 2.59 200 °C/min 400 °C+1h Yes 
11 C-3-2 50.33 101.38 2.59 200 °C/min 400 °C+1h Yes 
12 C-3-4 50.36 101.12 2.58 200 °C/min 800 °C+1h Yes 
13 C-3-5 50.33 101.24 2.58 200 °C/min 800 °C+1h Yes 
14 C-4-1 50.33 100.40 2.59 ISO 834 400 °C Yes 
15 C-4-2 50.33 101.00 2.58 ISO 834 400 °C Yes 
16 C-4-4 50.32 100.58 2.59 ISO 834 800 °C Yes 
17 C-4-5 50.31 101.31 2.58 ISO 834 800 °C Yes 
18 C-4-6 50.32 101.08 2.58 ISO 834 800 °C Yes 
* Since the sample was damaged by the trial rate of 400 °C/min, we did not analyze it further 
 
For some selected specimens, stage 2 was skipped. They were tested without dwelling (holding) 
time immediately after reaching target temperature (see Table 3-1). Different heating scenarios are 
performed to test the influence of heating rates on granite properties considering different desired 
final temperatures. Specimens were heated with constant rates, i.e. 5 °C/min, 200 °C/min and 
300 °C/min, are then kept in the heating device for one hour at target temperature to ensure 
uniformity in temperature distribution across the specimen. The test results of granites with 
5 °C/min heating rate can serve as reference for samples with higher heating rate. For specimens 
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heated according to ISO 834 standard fire temperature-time curve, no holding time is set to 
investigate the sample behavior during a fire. Uniaxial tests were performed once thermal treatment 
was done. The specimens were compressed with a rate of 0.5 mm/min. Axial load and displacement 
were measured and recorded by the testing machine until final failure. During the loading process, 
temperatures were kept constant at target values for samples without cooling stage (see Table 3-1). 
 
3.1.3 Uniaxial compression tests of granite at desired temperature 
 
Figure 3-6 shows the results of uniaxial compression tests of granite specimens at different 
temperatures whereby the samples experienced different heating rates before. The properties of 
Eibenstock granite at room temperature (25 °C) have been determined in the Rockmechanical 
Laboratory of the Geotechnical Institute, TU Bergakademie Freiberg, Germany. The stress-strain 
curves of the three samples tested at room temperature (Ref. 1, Ref. 2, and Ref. 3) are documented 
in Figure 3-6 as well. It is obvious that both, maximum temperature and heating rate have a 
significant influence on granite properties. In order to compensate the deformation behavior of the 
loading system (stiffness of the loading frame) as well as the deformation of single mullite cubes 
and the interfaces between connected cubes, calibration tests have been conducted. By determining 
the load dependent deformation of the system comprising of the testing machine with realistic test 
setup including mullite cubes but without inserted rock specimen, the measured data in the tests 
can be corrected for inherent deformation portions. Following this procedure, measured and 
calculated quantities such as failure strain and Young’s modulus are very reliable. Comparative 
analysis and conclusions are valid in any case, since all thermo-mechanical properties are obtained 
using the same loading conditions. A qualitative analysis of the influence of maximum temperature 
and heating rates on elastic modulus, uniaxial compressive strength and axial strain of granite, is 
documented in the following sections.  
 
3.1.3.1 Young’s modulus 
 
The axial stress-strain curves of granite specimens after heat treatment show noticeable 
nonlinearity and yielding phase before reaching peak strength (see Figure 3-6). To characterize the 
stiffness of the sample, a threshold modulus Ec obtained from dividing peak axial stress σc by peak 
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axial strain εc is defined. The commonly used tangent Young's modulus Et, which is measured at a 
stress level equal to 50% of the uniaxial compressive strength (ISRM 1979), is also calculated.  
 
 
Figure 3-6 Stress-strain curves of Eibenstock granite for different target temperatures and 
different heating rates 
 
Figure 3-7 shows Young’s modulus of granite at different temperatures considering various heating 
rates. The tangent Young’s modulus Et (200 °C/min heating rate) shows a continuous decrease at 
elevated temperatures (see Figure 3-7b). However, slight increase in stiffness is observed at 400 °C 
with heating rates of 300 °C/min (see Figure 3-7c) and according to ISO 834 (see Figure 3-7d). At 
800 °C, reached after various heating rates, Et reduces to a value of about 10 % - 30 % of the value 
at room temperature (25 °C). 
 
Temperature treatment at all levels exerts a significant influence on the reduction of threshold 
modulus Ec. This indicates that higher temperatures lead to increased axial deformation of granite 
samples during the whole compression process until final failure. The biggest difference between 
Et and Ec is measured for sample C-4-1 at 400 °C applying ISO 834 heating curve, showing a 
difference of 27.59 GPa (see Figure 3-7d). This may be caused by internal structural changes due 
to continuous change in heating rates according to the ISO 834 curve, which varies from 
342 °C/min in the first minute to about 67 °C/min in the second one. This significant change alters 
crack initiation in specimens compared with samples which experience only constant heating rates. 
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Another possible reason could be that there is no dwelling stage of 1 hour according to ISO 834 
heating scenario. However, the differences between Et and Ec at room temperature and 800 °C are 
very similar for all heating scenarios (including constant heating with dwelling stage and ISO 834 
case without dwelling stage), indicating that the big difference of 27.59 GPa is not likely to be 
attributed to the dwelling stage. Considering the significant difference in the value of tangent 
modulus Et and threshold modulus Ec, using tangent Young's modulus at high temperatures might 
cause problems in engineering practice. It can overestimate the stiffness of the material at higher 
temperatures. The threshold modulus Ec, which can better quantify the stiffness of granite at high 
temperatures during the whole process until final failure, seems to be more practical. 
 
 
Figure 3-7 Variations of Young’s modulus Et and threshold modulus Ec at different temperatures 
considering various heating rates 
 
The influence of heating rate on Young’s modulus is not as strong as that of maximum temperature, 
especially for tangent modulus Et (see Figure 3-8). Another noticeable phenomenon is that heating 
rate of 200 °C/min shows a negative effect on Young’s modulus, while 300 °C/min enhance the 
(a) 5 °C/min                                                              (b) 200 °C/min 
(c) 300 °C/min                                                        (d) ISO834 
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modulus slightly. A preliminary conclusion could be that Young’s modulus will decrease slightly 
with increasing heating rate until about 200 °C/min. Heating rates higher than app. 200 °C/min 
slightly increase the stiffness of granite. Compared with the significant influence of temperature, 
the effect of heating rate is negligible. To obtain more reliable conclusions about the influence of 
heating rates on Young’s modulus, more tests with a series of elevated heating rates are needed. 
 
 
Figure 3-8 Young’s modulus determined at desired temperature for different heating rates 
 
Since granites have different property values after different heating scenarios, normalized values 
are used to detect the tendencies of temperature or heating-rate dependent properties. Normalized 
properties of various heating scenarios related the values at room temperature are shown in Figure 
3-9 and Figure 3-10. The threshold modulus Ec is more temperature-dependent than the tangent 
modulus Et, since Et shows a big dispersion at 400 °C (see Figure 3-9a). The general trend is that 
the tangent Young’s modulus Et decreases significantly after 400 °C while the threshold modulus 
Ec shows a continuous decrease with rising temperature.  
 
Figure 3-10 shows normalized Young’s modulus versus heating rate after applying different 
heating scenarios. Tangent Young’s modulus Et of specimens heated up with 200 °C/min shows a 
slight decrease of 10 % compared to a heating rate of 5 °C/min (Figure 3-10a). When the heating 
rate rises to 300 °C/min, Et experiences an increase of about 6% and 16% compared to 5 °C/min 
and 200 °C/min, respectively. The threshold modulus Ec shows a similar trend. Compared with the 
rate of 5 °C/min, a reduction of 7% and an increase of 5% in Ec can be observed for 200 °C/min 
and 300 °C/min, respectively. The average Young’s modulus (Ec and Et) of the specimens heated 
according to ISO 834 are almost the same as the values obtained by applying a heating rate of 
(a) Target temperature 400 °C                                 (b) Target temperature 800 °C 
ISO 834 rates ISO 834 rates 
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300 °C/min. Therefore, high speed heating has both, negative and positive influence on the stiffness 
of granite. Despite the significant difference in heating rate (e.g. 5 °C/min vs. 300 °C/min), 
Young’s modulus does not change remarkably. Compared with the influence of temperature, the 
impact of heating rate on Young’s modulus can be neglected. 
 
 
Figure 3-9 Normalized Young’s modulus versus temperature for different heating rates 
 
 
Figure 3-10 Normalized Young’s modulus versus heating rate at different desired temperatures 
 
3.1.3.2 Uniaxial compressive strength 
 
Figure 3-11 shows the influence of maximum temperature and heating rate on UCS of granite. For 
specimens tested with the same heating rate, a pronounced dependence of UCS on maximum 
(a) Tangent modulus Et (b) Threshold modulus Ec 
(a) Tangent modulus Et (b) Threshold modulus Ec 
ISO 834 rates 
ISO 834 rates 
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temperature is observed (see Figure 3-11a). The decrease of average uniaxial compressive strength 
is about 9 % at 400 °C, and then becomes 54 % at a temperature of 800 °C. However, heating rates 
do not have a strong influence on UCS (see Figure 3-11b). When heated to 400 °C, the average 
UCS for rates of 5 °C/min, 200 °C/min, 300 °C/min and according to ISO 834 are 114.17 MPa, 
110.28 MPa, 118.19 MPa and 114.56 MPa, respectively. These similar values indicate that the 
variation of UCS is more likely caused by the inhomogeneity of granite specimens. Compared to 
the impact of temperature, the influence of heating rate on UCS can be neglected. 
 
 




The peak axial strain shows an obvious temperature dependence (see Figure 3-12a). The average 
peak axial strains at 400 °C and 800 °C are about 2 and 3 times the value at room temperature, 
respectively. The peak axial strain is also influenced by the heating rate to some extend (see Figure 
3-12b). When being heated to 800 °C with 200 °C/min, the average strain is 12.5 % larger than 
applying a rate of 5 °C/min. Compared with 5 °C/min, the value for 300 °C/min shows a strain 
reduction of 14 % at 800 °C. A temperature dependence of strain is also observed for the 400 °C 
heating scenario. Compared to the 5 °C/min case, the strain will increase firstly for 200 °C/min and 
then decrease to a lower level for 300 °C/min.  
 
The normalized average values (εt/εt0) show that the peak axial strains at 400 °C and 800 °C are 1.9 
and 2.8 times higher than that of 25 °C, respectively (see Figure 3-12a). However, the peak axial 
(a) Target temperature                                             (b) Heating rate 
ISO 834 rates 
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strains for 200 °C/min and 300 °C/min are only 1.20 and 0.89 times the value for 5 °C/min (see 
Figure 3-12b). Therefore, the heating rate has an obvious influence on the deformation of granite, 
but is relatively small compared to the influence of maximum temperature. 
 
 
Figure 3-12 Peak axial strain versus temperature and heating rate 
 
3.1.3.4 Failure modes  
 
All the tested samples showed a clear shear fracture mode. Therefore, the Mohr–Coulomb strength 
criterion which is based on cohesion and friction angle may be used as failure criterion. In respect 
to the shear plane, the relationship between the internal friction angle φ (see Figure 3-13a) and the 
failure angle α (see Figure 3-13b) is:  
  / 4 / 2                             (3-1) 
UCS σc is related to cohesion c (see Figure 3-13a) and friction angle φ by:  
c  2 cos / 1 sinc                       (3-2) 
The observed failure modes of the granite samples which experienced various heating scenarios 
are documented in Table 3-2. The samples are more likely to be crushed into smaller blocks and 
more segments/powder at higher temperatures. Compared with the specimens at room temperature 
and low heating rate of 5 °C/min, those which experienced high speed heating (200 °C/min, 
300 °C/min and ISO 834) usually generate tapered blocks at failure. The red lines in Table 3-2 
indicate the failure angle α (see Figure 3-13b). Based on Eq. (3-1) and (3-2), the corresponding 
values for cohesion and friction angle are back-calculated and documented in Table 3-3. 
(a) Target temperature                                             (b) Heating rate 
ISO 834 rates 




Figure 3-13 Sketch of the Mohr-Coulomb strength criterion: (a) Strength envelop in the shear 
stress - normal stress diagram, (b) shear plane inside the specimen  
 
Table 3-2 Failure modes of granite after various heat treatments 
                    
Ref. 1                Ref. 3 
Room temperature, 25 °C 
C-1-2               C-1-6 
5 °C/min, 400 °C 
C-1-4              C-1-5 
5 °C/min, 800 °C 
                    
C-3-1              C-3-2 
200 °C/min, 400 °C 
C-3-4            C-3-5 
200 °C/min, 800 °C 
C-2-1                  C-2-2  
300 °C/min, 400 °C 
                         
C-2-4           C-2-5 
300 °C/min, 800 °C 
C-4-1           C-4-2 
ISO 834, 400 °C 
C-4-4                  C-4-6 
ISO 834, 800 °C 
 
σ σ3 σ1 
2α 
τ 
φ c α 
σ1 
(a)                                                    (b) 
σ3 
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Table 3-3 Failure angles and backcalculated shear parameters 
No. Specimens Heating rate, target temp. α [°] σc [MPa] φ [°] c [MPa] 
1 Ref.1 0 °C/min, 25 °C 65 113.37 40 26.43 
2 Ref.3 0 °C/min, 25 °C 64 132.78 38 32.38 
3 C-1-2 5 °C/min, 400 °C 65 104.75 40 24.42 
4 C-1-4 5 °C/min, 800 °C 63 59.97 36 15.27 
5 C-1-5 5 °C/min, 800 °C 69 57.25 48 10.98 
6 C-1-6 5 °C/min, 400 °C 63 123.59 36 31.48 
7 C-2-1 300 °C/min, 400 °C 62 119.5 34 31.76 
8 C-2-2 300 °C/min, 400 °C 67 116.88 44 24.80 
9 C-2-4 300 °C/min, 800 °C 63 56.88 36 14.49 
10 C-2-5 300 °C/min, 800 °C 65 59.11 40 13.78 
11 C-3-1 200 °C/min, 400 °C 63 114.28 36 29.11 
12 C-3-2 200 °C/min, 400 °C 59 106.28 28 31.92 
13 C-3-4 200 °C/min, 800 °C 64 53.35 38 13.01 
14 C-3-5 200 °C/min, 800 °C 65 54.09 40 12.61 
15 C-4-1 ISO 834, 400 °C 62 116.03 34 30.84 
16 C-4-2 ISO 834, 400 °C 68 113.09 46 22.84 
17 C-4-4 ISO 834, 800 °C 65 58.68 40 13.68 
18 C-4-6 ISO 834, 800 °C 66 59.82 42 13.31 
Note: C-4-3 was not analyzed due to the abnormal stress-strain behavior, while the failure mode of C-
4-5 was not documented by mistake. 
 
To investigate the variation of cohesion and friction angle, normalized friction angle φt/φt0 and 
normalized cohesion ct/ct0 (in each case related to value at room temperature) are calculated for 
different heating scenarios (see Figure 3-14 and Figure 3-15). For a heating rate of 5 °C/min, the 
friction angle at 400 °C is almost the same as the value at room temperature while the value at 
800 °C is slightly higher (see Figure 3-14a). For a rate of 200 °C/min, the friction angle shows a 
slight reduction at 400 °C and the value at 800 °C does not show a change compared with room 
temperature (see Figure 3-14b). For heating rates of 300 °C/min or according to ISO 834, the 
friction angles are nearly the same as the value at room temperature. This is in agreement with 
previous findings that friction angle does not change significantly at elevated temperatures (Tian 
et al. 2016; Kumari et al. 2017b; Wang and Konietzky 2019). Also, the friction angle is not heating-
rate dependent as well. Except for a slightly lower value at 400 °C reached with a heating rate of 
200 °C/min (Figure 3-15a), the friction angles do not show obvious variations for different heating 
rates (see Figure 3-15). However, the cohesion shows a significant temperature dependence (see 
Figure 3-14). When heated to 400 °C, the cohesion is similar to that one at room temperature. A 
significant decrease of about 50 % occurs at 800 °C for all the specimens independent on various 
heating rates. Compared with maximum temperature, the influcence of heating rate is negligible. 
 




Figure 3-14 Normalized friction angle φ and cohesion c at different temperatures considering 
various heating rates 
 
 
Figure 3-15 Normalized friction angle φ and cohesion c at different heating rates considering 
various temperatures 
  
(a) 5 °C/min                                                            (b) 200 °C/min 
(c) 300 °C/min                                                          (d) ISO834 
(a) 400 °C                                                                         (b) 800 °C 
ISO 834 rates 
ISO 834 rates 
Chapter 3 Thermo-mechanical properties of Eibenstock granite at elevated temperature 
31 
 
3.2 Thermal properties of Eibenstock granite 
 
Except for the test of thermal conductivity (conducted at Wuhan University of Science and 
Technology), thermal expansion tests were finished at TU Bergakademie Freiberg, Germany 
(Weinhold 2018). 
 
To determine the coefficient of linear thermal expansion, four granite samples with a diameter of 
5 mm and nominal length of 20 mm were heated up to 1000 °C with 5 °C /min. The test was 
conducted with a dilatometer at the Institute of Ceramic, Glass and Construction Materials at TU 
Bergakademie Freiberg. Thermal diffusivity, thermal conductivity and specific heat capacity were 
measured using a NETZSCH Laser Flash Apparatus LFA 457 at Wuhan University of Science and 
Technology, China. The nominal specimen dimension of the three discs is 12.5 mm in diameter 
and 2.5 mm in thickness. The thermal conductivity is calculated by the following equation:  
( ) ( ) ( ) ( )pT T C T T                       (3-3) 
where λ is thermal conductivity [W/(m K)], κ is thermal diffusivity [mm2/s], Cp is specific heat 
[J/(g K)], ρ is bulk density [g/cm3]. 
 
 
3.2.1 Specific heat , thermal conductivity and thermal diffusivity 
 
Figure 3-16 shows specific heat (Figure 3-16a), thermal conductivity (Figure 3-16b) and thermal 
diffusivity (Figure 3-16c) measured by the Laser Flash Apparatus. The specific heat capacity shows 
a continuous increase with temperature from 0.706 J/(g K) at 25 °C to 0.912 J/(g K) at 600 °C. 
Afterwards, it decreases slightly to 0.895 J/(g K) at 800 °C. Thermal conductivity and thermal 
diffusivity show a similar trend and decrease monotonically with rising temperature. At room 
temperature, thermal conductivity of the tested granite is 3.65 W/ (m K). At higher temperatures, 
especially for temperatures higher than 600 °C, thermal conductivity decreases much slower and 
approaches a nearly constant value of approximately 1.2 W/(m K). Similar, the thermal diffusivity 
diminishes from 2.0 mm²/s at room temperature to app. 0.5 mm²/s at 600 °C and 800 °C.  
 
The reason why thermal diffusivity and thermal conductivity approach constant values at high 
temperatures is explained by Wen et al. (2015): Thermal diffusivity is connected with the number 
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of phonons within the primitive unit cell, and an increasing temperature no longer significantly 
changes the number of phonons when temperature is high enough; the phonons are limited in space 
with a constant lattice size, and the mean free phonon path no longer decreases with increasing 
temperatures, which limits the thermal conductivity values of the rocks at high temperatures. 
 
 
Figure 3-16 Thermal properties measured by the Laser Flash Apparatus 
 
3.2.2 Linear thermal expansion coefficient 
 
The formulas for calculating the thermal expansion coefficient can be grouped into two categories, 
depending on whether the expansion relates to a temperature range or a single temperature (James 
et al. 2001). The most general definition of average coefficient of linear thermal expansion over a 
temperature range is: 
2 1 0
2 1 0
( ) / 1
m
L L L L
T T L T                      (3-4) 
where L0 is the initial length of specimen at temperature T0 which expands to L1 at T1 and then to 
L2 at T2, ∆L is the change in length for the temperature change ∆T. 
 
The true coefficient of linear thermal expansion is related to the derivative dL/dT, and it can be 
defined as follows (James et al. 2001): 




                           (3-5) 
 
Based on the equations above, the average coefficient over a temperature range of 25 °C at target 
temperature (Figure 3-17a) and the true coefficient at a single temperature (Figure 3-17b) are 
(a) Specific heat                      (b) Thermal conductivity                 (c) Thermal diffusivity 
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plotted. The coefficient defined over a temperature range is significantly different from that defined 
at a single temperature. This difference has important implications if used in numerical models and 
engineering applications. Since TM-coupled calculations use the parameters at a certain 
temperature, we only use the true coefficient in the numerical models presented in this study. It 
reveals that the coefficient of linear thermal expansion shows the first sharp increase at around 
573 °C and experiences a second increase in the range between 870 - 980 °C. 
 
 
Figure 3-17 Linear thermal expansion coefficient of granite after heat treatment: (a) Average over 
25 °C and (b) for single temperature 
 
 
(a)                                                                            (b) 
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4 Properties of Eibenstock granite after heat treatments 
 
This chapter describes the influence of temperature and high speed heating on properties of granite 
after heat treatments, that means the physical and mechanical properties were tested at room 
temperature after the samples have exposed to elevated temperature.  
 
Chapter 4.1 focus on thermal induced cracks and tensile strength of Eibenstock granite after being 
subjected to high speed heating. The Digital Image Correlation (DIC) technique was used for 
analysing the damage behaviour of granite during the high speed heating process. For samples 
heated-up to 800 °C with heating rates of 200 °C/min and 300 °C/min, thermal induced 
macrocracks become visible to the naked eyes, while no obvious macrocracks are observed on 
samples heated according to ISO 834 curve. Compared to the influence of temperature, the selected 
heating rates only have a negligible impact on tensile strength and axial displacement. The DIC 
analysis shows the crack initiation and progressive crack propagation before the main crack is 
formed at failure. Compared to the samples heated-up to 400 °C, the samples heated-up to 800 °C 
show less brittle fracture behaviour, and the tensile strength is greatly reduced. The final failure 
patterns confirm that different heating scenarios lead to different microcrack pattern and 
consequently influence the failure mode at the macroscopic scale. 
 
Chapter 4.2 documents the impact of temperature up to 1000 °C on physical and mechanical 
properties and the general thermo-mechanical coupled behaviour of Eibenstock granite. The 
measured physical properties including mineral composition, density, P-wave velocity, and open 
porosity are temperature-dependent. P-wave velocity and porosity variations indicate continuous 
crack evolution at elevated temperatures and pronounced crack coalescence from 600 °C to 
1000 °C. Uniaxial compression and Brazilian tests were carried out to measure UCS, Young’s 
modulus, stress-strain relationship, and tensile strength of Eibenstock granite before and after 
thermal treatment, respectively. Test results show that UCS slightly increases from 25 °C to 400 °C 
before decreasing rapidly up to 1000 °C, while Young’s modulus and tensile strength decrease 
continuously with rising temperature. Failure characteristics changes from brittle failure up to a 
temperature of about 600 °C to ductile behaviour at 800 °C and 1000 °C.  
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4.1 The influence of high speed heating on tensile behavior of granite 
 
4.1.1 Sample description and test setup 
 
21 Brazilian discs are prepared for Brazilian tests (see Table 4-1). Both ends of the samples were 
grinded and polished in order to make both ends smooth and parallel. The Brazilian discs have a 
nominal diameter of 50 mm and a thickness of 25 mm (thickness to diameter ratio of 0.5). To meet 
the requirements of high speed heating, the supersonic frequency induction heating equipment (see 
Figure 3-4 and Figure 4-1a) was used. Three unheated (stored at room temperature of about 25 °C) 
Brazilian discs are prepared as reference samples. The other specimens are heated at ambient 
pressure to predetermined temperatures (400 °C and 800 °C) with high heating rates of 200 °C/min 
and 300 °C/min. Besides the constant heating rates, samples are also heated to 400 °C and 800 °C 
according to ISO 834 fire time-temperature equation (ISO 1999). Three samples are prepared for 
each heating scenario to consider statistical scatter of individual test results. Except for the samples 
at room temperature and those with ISO 834 heating scenario, all the other samples were kept at 
target temperature for a dwelling time of 1 hour (Richter and Simmons 1974; Brotóns et al. 2013; 
Heap et al. 2013) to guarantee uniform temperature distribution across the specimen. The ISO 834 
heating scenario is used for testing the temperature resistance of the granite sample during a real 
fire. The test load for the Brazilian tests was applied by Wance Universal Testing Machine 
(Shenzhen) with a maximum load of 100 kN. The loading jaws (Figure 4-1b) were used for indirect 
tension tests as recommended by ISRM (1978).  
 
Generally, crack investigations can be divided into direct and indirect methods (Lin 2002). 
Microscope and scanning electron microscope (SEM) observations are direct methods for detecting 
the shape and features of microcracks. Monitoring of AE, differential strain analysis (DSA), 
mercury intrusion porosimetry etc. are often used for the evaluation of structural and physical 
features of microcracks as indirect methods. Compared with these detecting methods, Digital 
Image Correlation (DIC) is as promising alternative to obtain full-field measurements (Fourmeau 
et al. 2014). This non-contact measurement technique can be used to visualize the surface 
deformation of the loaded specimen after heat treatment. As a non-contact full-field measurement 
method, DIC can track homologous points on the specimen surface at different deformation stages 
and fracture processes (Dai et al. 2017). The DIC technique is applied as an effective way for 
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detecting crack propagation of granite after heat treatment. The DIC analysis makes it possible to 
locate the crack initiation and monitor the development of crack pattern accurately.  
 
Table 4-1 Heating scenarios for Brazilian discs 
No. Diameter [mm] 
Thickness 
[mm] Heating scenario 
Target temperature  
+ Holding time DIC 
1 50.35 26.02 No heating 25 °C Yes 
2 50.33 25.31 No heating 25 °C Yes 
3 50.33 25.24 No heating 25 °C Yes 
4 50.37 25.42 300 °C/min 400°C+1h Yes 
5 50.33 25.41 300°C/min 400°C+1h Yes 
6 50.35 25.17 300°C/min 400°C+1h Yes 
7 50.31 25.53 300°C/min 800°C+1h Yes 
8 50.36 25.45 300°C/min 800°C+1h Yes 
9 50.37 25.82 300°C/min 800°C+1h Yes 
10* 50.32 26.48 200°C/min 400°C+1h Yes 
11 50.37 25.49 200°C/min 400°C+1h Yes 
12 50.34 25.85 200°C/min 400°C+1h Yes 
13 50.36 25.84 200°C/min 800°C+1h Yes 
14 50.37 25.42 200°C/min 800°C+1h Yes 
15 50.36 25.35 200°C/min 800°C+1h Yes 
16 50.34 25.31 ISO 834 400°C Yes 
17 50.32 25.07 ISO 834 400°C Yes 
18 50.34 25.70 ISO 834 400°C Yes 
19 50.35 25.25 ISO 834 800°C Yes 
20 50.36 25.44 ISO 834 800°C Yes 
21 50.34 25.39 ISO 834 800°C Yes 
* The stress-displacement data of  #10 was lost by accident 
 
All the samples are naturally cooled down inside the heating device to room temperature and then 
prepared for Brazilian tests with DIC measurement. White spots are sprayed on a thin black opaque 
layer of the Brazilian discs after cooling to room temperature (see Figure 4-2). This helps to 
increase the contrast and to obtain a random distribution of grey level on the specimen surface (Dai 
et al. 2017). The Brazilian discs were compressed with 0.25 mm/min to obtain the tensile strength 





                              (4-1) 
where Pmax is the maximum load, D is the diameter of the disc, and B is the thickness of the disc. 
 
In order to investigate the fracture evolution characteristics of the specimens during compression, 
the DIC camera continuously monitored the discs (see Figure 4-1b). The DIC camera was placed 
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at a distance of around 1.0 m away from the specimen to protect the camera optics from granite 
fragments (Figure 4-1b). The type of the camera is AVT Stingray 504, which has a maximum frame 
rate of 9 fps at full resolution of 2452 (H) × 2056 (V) pixels. Pictures of the sample were captured 
at a frequency of 1 picture per second. 
 
 
Figure 4-1 Experimental set-up for Brazilian test with DIC monitoring 
 
Ten pictures of the undeformed sample are captured before loading. They are used as reference 
states for computing the motion of each image point in different states after deformation. Square 
reference subsets centered at the considered points are chosen and tracked in the deformed images 
according to the selected correlation function. By optimizing the correlation coefficient, the 
location of a subset in the deformed image is found and the displacement components of this subset 
center can be determined (Pan et al. 2009; Xia and Yao 2015). The correlation coefficient used in 
this study is given by: 
2 2
( ( ) ) ( ( ( )) )
=1-
( ( ) ) ( ( ( )) )
X D D D
X D D X D D
f X f g x g
C
f X f g x g
          (4-2) 
where ϕ is local strain variation of the material, f specifies the gray levels of the reference states 
(X), g represents the grey levels of the deformed states (x),  and  are the averages of gray level 
values on subset D. 
 
A subset size of 31 31 pixels is used to track the corresponding displacement field in the deformed 
image. The distance between the center points of two consecutive subsets, i.e. step size, is m = 6 




(a) Induction heating device                                            (b) Configuration of DIC system 
Lower jaw 
Upper jaw DIC Camera 
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vertical and horizontal displacement components of the subset center points can be determined. In 
order to calculate the strains of a point, a square window containing (2m +1) × (2m + 1) discrete 
points (i.e. strain calculation window) around it should be selected (Pan et al. 2009). In this study, 
the strain window size used for strain calculation out from full-field displacement is set to 
13  13 pixels. The size of the strain window suppresses the noise of the displacement field and 
avoids an unreasonable linear approximation of deformation within the strain calculation window. 
 
 
Figure 4-2 Some Brazilian discs with white spots sprayed on the thin black opaque layer  
 
4.1.2 Macro damage before loading 
 
Specimen heated up to 400 °C are still intact from the macroscopic perspective, no obvious cracks 
can be directly observed. Figure 4-3 presents the macrocrack patterns induced by heat treatment 
up to 800 °C before loading. For samples heated up to 800 °C with heating rates of 200 °C/min and 
300 °C/min, the thermal induced macrocracks are visible to the naked eyes (Figure 4-3a-g). The 
three Brazilian discs heated-up to 800 °C with 200 °C/min show different damage features. Only 
sample 14 (Figure 4-3b) shows a fracture across the sample in diameter direction, while only a few 
small cracks can be observed on samples 13 (Figure 4-3a) and 15 (Figure 4-3c). Compared with 
200 °C/min, the higher heating rate of 300 °C/min results in more developed macrocracks (see 
Figure 4-3e, f, and g). 
 
Thermal stresses are mainly controlled by the constituents of the rocks, the thermal expansion 
anisotropy within the  minerals, and the thermal gradients (Yong and Wang 1980; Heap et al. 2013). 
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Since constituents, thermal expansion anisotropy and applied cooling rates of Eibenstock granite 
samples are quite similar, the thermal stress differences among different granite samples are mainly 
induced by the thermal gradients during the heating phase. Therefore, we can conclude that high 
speed heating leads to a strong thermal gradient, which in turn causes significant local damage to 
the Brazilian discs. However, for the samples heated-up according to ISO 834 to the target 
temperatures, no obvious macrocracks can be observed by naked eyes (see Figure 4-3h, i). This 
difference can be attributed to two reasons. One is that the heating rate of ISO 834 reduced greatly 
in the range between 400 and 800 °C, thus microcracks did not form macrocracks due to lower 




Figure 4-3 Macrocracks (red lines) induced by thermal stress on Brazilian discs before 
mechanical loading. The blue dashed arrows indicate the loading direction in the subsequent 
conducted Brazilian tests  
  
(a) 200°C/min, 800°C          (b) 200°C/min, 800°C           (c) 200°C/min, 800°C 
(h) ISO834, 800°C                 (i) ISO834, 800°C                  (j) ISO834, 800°C 
(e) 300°C/min, 800°C             (f) 300°C/min, 800°C          (g) 300°C/min, 800°C 
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4.1.3 Tensile strength  
 
For specimens with macrocracks, parallelism of cracks and loading directions (see the dashed blue 
arrows in Figure 4-3) are avoided in the subsequent loading tests by choice of appropriate sample 
orientation. Although the loading direction in respect to thermal induced cracks can influence the 
stress-displacement behavior of Brazilian samples to some extent, the test results shown in Figure 
4-4 document that the influence is small and does not affect the obtained conclusions. It is clear 
that the heat treatment has an obvious influence on the tensile behavior. Brazilian discs at 25 °C 
and heated-up before to 400 °C fail immediately after reaching the peak stress, showing clear brittle 
characteristics. When temperature rises to 800 °C, gradual loss of strength with ongoing 
deformation (soft decline in stress-displacement curve) becomes the dominant behavior. This 
means, when granites are exposed to very high temperatures (e.g. 800 °C), intensive damage by 
microcracking leads to a change in the behavior (and internal structure of the material): peak load 
is reduced and sudden, brittle failure is replaced by more ductile behavior characterized by gradual 
stress reduction with ongoing deformation. 
 
 
Figure 4-4 Tensile stress vs. displacement (Brazilian tests) of granite specimens exposed to 
various heating scenarios 
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Figure 4-5 shows tensile strength and peak axial displacement for different target temperatures 
considering various heating rates. The curves with same heating rate of 200 °C/min (Figure 4-5a), 
300 °C/min (Figure 4-5b), and ISO 834 (Figure 4-5c) indicate that the tensile strength decreases 
with increasing temperature. Compared with specimens at room temperature, the average tensile 
strength of samples which experienced 400 °C is slightly reduced from 6.2 MPa to 5.62 MPa 
(Figure 4-5d). A significant strength decrease of about 4 MPa happens when samples experienced 
800 °C, which can be attributed to the α-β quartz phase transition that occurs at roughly 573 °C, 
leading to extended microcracks in the specimen (Nasseri et al. 2009; Yin et al. 2015).  
 
 
Figure 4-5 Tensile strength and peak axial displacement of samples sustaining different target 
temperatures considering various heating rates 
 
(a) 200 °C/min                                                             (b) 300 °C/min 
(c) ISO 834                                                               (d) Average value 
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The development of axial displacement at failure shows an opposite trend, i.e. the axial 
displacement is increasing with rising temperature. The average displacement of specimens shows 
the largest increase of 0.14 mm from 400 °C to 800 °C, indicating the influence of temperature on 
granite deformation. 
 
Figure 4-6 documents tensile strength and peak axial displacement of samples for different heating 
rates considering various target temperatures. For samples heated up to 400 °C (Figure 4-6a), the 
average tensile strengths for 200 °C/min and 300 °C/min are very similar: 5.3 MPa and 5.4 MPa, 
respectively. The average tensile strength after heating up to 400 °C using ISO 834 heating rate is 
only 0.6 MPa higher than that for 300 °C/min. This trend is quite similar for 800 °C (Figure 4-6b): 
the tensile strength differences for different heating rates are less than 0.5 MPa. The influence of 
heating rates on axial displacement is also very small. The biggest variation of displacement caused 
by different heating rates happened for the 800 °C specimens with a difference of only 0.07 mm 
between the considered target temperatures (see Figure 4-6b). Compared with the influence of 
target temperature, the heating rate has only a small impact on tensile strength and axial 
displacement. However, according to the observed results, it is also clear that the stress gradient in 
the samples caused by the temperature gradient inside the sample during heat treatments is one 
reason for crack initiation. 
 
 
Figure 4-6 Tensile strength and peak axial displacement for different heating rates considering 
various target temperatures 
 
(a) Target temperature: 400 °C                                (b) Target temperature: 800 °C  
ISO 834 rates  
ISO 834 rates  
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4.1.4 DIC analysis of the tensile failure process 
 
After recording the digital images of the specimen surface during loading, DIC computes the 
motion of each image point by comparing the digital images of the specimen before and after 
deformation. Since the influence of heating rate on tensile strength and displacement is relatively 
small and can be neglected compared to the impact of temperature, three samples with identical 
heating rate of 300 °C/min and different target temperatures (i.e. sample 3 at 25 °C, sample 5 at 
400 °C and sample 7 at 800 °C) are adopted in this section for detailed illustration. 
 
Figure 4-7 shows the full-field horizontal displacements of the three samples at failure during the 
Brazilian tensile test, where the failure moment refers to the next moment after reaching the 
maximum force. The black points represent the macrocracks formed up to this moment. For 
samples 3 and 5, wider and longer crack face openings are observed at failure, while only a few 
macrocracks appear in sample 7. This means macrocracks of samples 3 and 5 initiate along the 
diametrical direction instantaneously and split the sample into two halves, indicating a brittle 
characteristic of these two samples. The small number of cracks at failure observed in sample 7 
(see Figure 4-7c) indicate ductile characteristics. The cracks are formed gradually until a loss of 
strength is observed. Compared with the ductility of the 800 °C sample, a granite after 400 °C 
treatment still remains brittle. This is related to the microcrack density which is much higher in the 
800 °C samples. This also explains the stress-displacement curves shown in Figure 4-4. 
 
 
Figure 4-7 Full-field horizontal displacements [mm] of samples at failure (DIC) which 
experienced different heating scenarios 
 
The displacements in vertical and horizontal directions at the mid-point of the central axis observed 
from start of loading up to immediately before failure and the instantaneous increase at failure are 
(a) Sample 3, 25 °C  (b) Sample 5, 300 °C/min, 400 °C (c) Sample 7, 300 °C/min, 800 °C 
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documented in Figure 4-8. The vertical displacement stands for the deformation along the loading 
direction, while the horizontal displacement refers to the expansion of the specimen under load. 
For sample 7, the displacements after failure are also plotted. Samples 3 and 5 show significant 
increase of horizontal displacements due to sudden crack formation at failure moment (see Figure 
4-8). This goes along with appreciable openings of tensile cracks and indication of sudden failure, 
i.e. brittle behavior. In contrast, the deformation magnitude of sample 7 is much larger from start 
of loading to immediately before failure compared to the other samples. Moreover, the deformation 
increment of sample 7 during failure is very small, indicating an obvious ductile behavior. Due to 
stable crack propagation the displacements just increase slightly after failure. The paths of central 
displacements again confirm that the granite samples at 25 °C and after 400 °C treatment still 
remain brittle, while the higher temperature of 800 °C leads to less brittle behavior. 
 
 
Figure 4-8 Horizontal vs. vertical displacements of centroid of samples just before and at failure 
 
Figure 4-9 shows the DIC strains in horizontal direction for Brazilian discs at room temperature 
after heat treatment. The grey color represents strain larger than the upper limit of the color bar. 
The black points represent macrocracks formed at the moment captured. Strain change can be 
observed with DIC analysis before macrocracking at failure. For sample 3 without heating, a visible 
strain increment happens at 43 % Fmax. The 400 °C sample shows that obvious strain occurs earlier 












(100 % Fmax) 
Before failure 
(98.5% Fmax) 
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represents the initiation of microcracks, which extend along the loading direction and then 
gradually merge and coalesce with increasing load. The main cracks crossing the discs have almost 
formed upon reaching the peak load at 100 % Fmax. For brittle samples, the failure happens at the 
moment right after the peak load and the main crack forms within an extremely short time. 
 
 
Figure 4-9 Horizontal strain ɛxx distribution (DIC) for specimens at different loading stages after 
experiencing different heating scenarios (Positive strain means expansion. Negative strain 
variations come from both, shrinkage and data errors. Negative values are very small compared 
with positive ones, and they are mainly used for image enhancement instead of representing the 
material deformation) 
 
For all the samples, a clear tensile stress field can be inferred according to the strain distributions 
perpendicular to the loading direction. For the brittle samples 3 and 5 the stress field before failure 
leads to local strain concentrations which indicate further microcracks, rather than just a single 
main crack. The macrocrack of these samples initiates from the central part of the disc at peak load, 
and then instantaneously develops across the disc after reaching the peak load. Sample 7 shows a 
distinct difference: the main crack initiates from the center and propagates along the loading 
(a) Sample 3, 25 °C  
(b) Sample 5, 300 °C/min, 400 °C 
(c) Sample 7, 300 °C/min, 800 °C 
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direction gradually (not immediately) until failure. After the tensile failure, the loading can show 
a slight increase due to the resistance of the failed disc (see Figure 4-4 and Figure 4-9c). This 
sample also needs much larger strain to rupture than the brittle samples shown in Figure 4-9a and b, 
this is also why the color scaling in Figure 4-9c is different. Although the accuracy of determining 
crack initiation and failure moment is limited due to the picture acquisition frequency, the DIC 
analysis can help to locate and describe the crack development vividly. 
 
4.1.5 Failure modes of samples after exposed to different heat treatments 
 
Table 4-2 documents the failure modes (Brazilian test) of granite samples after different heat 
treatments. For granite without any heating, the specimens are separated into two roughly identical 
halves (see samples 1-3 in Table 4-2). This is because the initial cracks extend along the loading 
direction before other macrocracks initiate. Diametric microcracks connect, merge and finally form 
a macroscopic crack during the fracturing process, which causes the specimen to split into two 
parts.  
 
When being heated before up to 400 °C with rates of 200 °C/min and 300 °C/min, the failure modes 
are similar to that of room temperature (see sample 4-6 and 10-12 in Table 4-2). However, the 
samples heated up before to 400 °C according to ISO 834 fire curve show a slight difference in 
terms of crack pattern (see sample 16-18 in Table 4-2). Both, a primary crack and some other sub-
parallel cracks occur around the center of the sample along the loading direction. The reason might 
be that the continuous variation of heating rates according to ISO 834 heating scenario leads to 
different microcrack pattern. This difference in micro structures triggers different macroscopic 
failure modes. Significant changes can be observed in samples heated-up to 800 °C. Compared 
with samples at room temperature and 400 °C heating scenarios, more fractures and fragments can 
be observed in the 800 °C samples (e.g. sample 7-9 and sample 19-21 in Table 4-2). Beside the 
main crack parallel to the loading direction several sub-parallel secondary cracks as well as inclined 
shear-zones are observed in the specimens. Heating rate has an obvious influence on the failure 
mode for samples exposed to a temperature of 800 °C. The samples heated with 300 °C/min 
(sample 7-9 in Table 4-2) show more fractures along the loading direction than those heated with 
200 °C/min (sample 13-15 in Table 4-2). The samples heated to 800 °C according to ISO 834 curve 
are damaged with the highest degree of fragmentation (sample 19-21 in Table 4-2). This indicates 
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that heating rate variations during the heating process can lead to different microcrack patterns, at 
least to some extent. This in turn influences the failure mode at the macroscopic scale.  
 
Table 4-2 Failure modes of granite samples after exposure to high temperatures 
    
(a) 25 °C (b) 25 °C (c) 25 °C (d) 300 °C/min, 400 °C 
    
(e) 300 °C/min, 400 °C (f) 300 °C/min, 400 °C (g) 300 °C/min, 800 °C (h) 300 °C/min, 800 °C 
    
(i) 300 °C/min, 800 °C (j) 200 °C/min, 400 °C (k) 200 °C/min, 400 °C (l) 200 °C/min, 400 °C 
    
(m) 200 °C/min, 800 °C (n) 200 °C/min, 800 °C (o) 200 °C/min, 800 °C (p) ISO 834, 400 °C 
    
(q) ISO 834, 400 °C (r) ISO 834, 400 °C (s) ISO 834, 800 °C (t) ISO 834, 800 °C 
 
   
(u) ISO 834, 800 °C    
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4.2 Temperature-dependent properties of Eibenstock granite  
 
4.2.1 Sample preparation and test methods 
 
Mechanical and physical properties of EG were determined at room temperature (25 °C) after slow 
heating process with a heating rate of 5 °C/min.  
 
According to the ISRM recommendations, cylindrical samples (50 mm diameter and 110 mm 
length) were prepared for determination UCS, Young’s modulus, density and porosity. Brazilian 
discs with a nominal diameter of 50 mm and a thickness of 25 mm are used to determine the indirect 
tensile strength of granite which experienced different elevated temperatures. In addition to the 
specimens investigated at room temperature, cylindrical granite specimens were heated-up to 
400 °C, 600 °C, 800 °C and 1000 °C with a heating rate of 5 °C/min. The specimens are kept at 
target temperatures for 36 hours to guarantee homogeneous temperature distribution and 
deformation equilibrium. Subsequently, specimens are cooled down to room temperature at a rate 
of 1 °C/min. The heating scheme applied for the Brazilian tests is the same as for the cylindrical 
specimens. Uniaxial tests were performed at room temperature after heat treatment and cooling 
down to room temperature. The specimens were uniaxial compressed with a rate of 0.1 mm/min. 
The Brazilian discs were compressed with 0.05 mm/min to obtain the tensile strength of the granite 
specimen experienced elevated temperatures according to Eq. (4-1).  
 
The temperature-dependent bulk density ρ is measured by determination of volume V (i.e. diameter 
D and length L) and mass M of the cylindrical specimens at room temperature after the temperature 






                              (4-3) 
 
To investigate the evolution of the failure process induced by the heating treatments, P-wave 
velocity and open porosity of the fresh and thermal damaged granite samples were measured. For 
P-wave velocity measurement two piezo-electric sensors are used as source and receiver, 
respectively. The sensors are centrally located at the top and bottom end surface of the sample. P-
wave velocity is calculated by dividing distance by travel time of the primary ultrasonic impulse. 
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The open porosity Φ0 is determined using the procedure defined by DIN EN 1936 (2007), according 
to Eq. 4-4: 
0 ( ) / ( ) 100s d s hm m m m                         (4-4) 





Table 4-3 documents dimension and mass variations of granite samples. Based on the data, Figure 
4-10a shows the density development with rising temperature. The average density of EG at room 
temperature is 2.60 g/cm3. The density decreases slightly to 2.58 g/cm3 at 400 °C, and to 2.54 g/cm3 
at 600 °C. An obvious decrease happens at 1000 °C where the density drops to 2.20 g/cm3 due to 
the significant increase in specimen volume (see Figure 4-10b). Compared with the volume change, 
the mass change is very small (see Figure 4-10b) and can mainly be attributed to the loss of 
chemically bonded water. 
 
Table 4-3 Dimension and mass of granite which experienced different temperatures 




















49.63 109.81 212.43 553.11 49.67 109.92 212.99 550.11 
49.68 109.69 212.63 553.60 49.73 109.77 213.21 550.38 
49.67 109.46 212.09 552.60 49.71 109.54 212.59 549.59 
600 
49.67 109.04 211.28 550.78 49.95 109.69 214.95 545.98 
49.68 108.75 210.80 549.35 49.95 109.39 214.36 544.57 
49.69 109.67 212.67 553.73 49.96 110.37 216.36 548.77 
1000 
 
49.65 109.62 212.24 552.26 52.38 115.53 248.95 546.77 
49.69 109.94 213.20 555.32 52.2 115.91 248.06 545.66 
49.65 109.84 212.67 552.72 52.21 115.64 247.57 545.65 
 




Figure 4-10 Volume and mass variations of samples experienced different temperatures. Vt and 
Mt are volume and mass after heating, while Vt0 and Mt0 correspond to room temperature before 
heating 
 
4.2.3 P-wave velocity and open porosity 
 
The evolution of P-wave velocity (Vp) for samples at different temperatures is shown in Figure 
4-11. It can be seen that the P-wave velocity decreases with temperature rising, especially for 
600 °C the velocity shows the most significant reduction. From room temperature to 400 °C, the 
velocity reduces from 4263 m/s to 2914 m/s; then it drops to 1355 m/s at 600 °C and continuously 
decreases to only 526 m/s at 1000 °C. The open porosity is also plotted in Figure 4-11. Up to 
600 °C, the open porosity shows an opposite trend with P-wave velocity. However, the porosity 
increase is most significant in the temperature range between 600 °C to 1000 °C, while the P-wave 
velocity reduction is not so pronounced in this temperature range (see Figure 4-11). The P-wave 
velocity is affected by the total material damage, while the open porosity can only reflect the 
network of connected cracks. Therefore, we can deduce that while below 600 °C primarily new, 
but isolated cracks develop, these cracks connect at temperatures above 600 °C and generation of 
new cracks is decelerating. 
 
4.2.4 UCS and peak axial strain 
 
The uniaxial compression test results are plotted in Figure 4-12 and documented in Table 4-4. Axial 
peak stress σc and corresponding strain ɛc as function of temperature are shown in Figure 4-12b. 
(a) Density                                 (b) Normalized volume and mass 
Chapter 4 Properties of Eibenstock granite after heat treatments 
51 
 
UCS experiences a slight increase up to about 400 °C and then decreases gradually up to 1000 °C, 
while the peak axial strain shows a continuous increase. The stress-strain curves show gradual 
nonlinear behavior from 400 °C to 1000 °C before reaching peak stress. The samples at 800 °C and 
1000 °C display obviously ductile behavior, which is characterized by gradual loss of strength with 
ongoing deformation in the post-peak-phase (strain softening) while brittle failure leads to violent 
rupture for samples experienced temperatures up to about 600 °C. 
 
 
Figure 4-11 Temperature-dependent P-wave velocity and open porosity 
 
 
Figure 4-12 Uniaxial compression test results of granite after heat treatment 
  
(a) Axial stress-strain curves                                          (b) Peak axial stress and strain 
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Table 4-4 Uniaxial compression test results of granites experienced different temperatures 





























0.016 2.53 0.0125 
2.66 0.0143 
 
4.2.5 Elastic modulus 
 
The stiffness of the granite can be represented by the threshold Young’s modulus Ec, which is 
defined by Ec = σc/ɛc (see Table 4-5). The often used tangent Young's modulus Et, which is 
measured at a stress level equal to 50% of UCS (ISRM 1979), is also calculated. Figure 4-13 shows 
Ec and Et of granite after heat treatments. Although the general trend of both, Ec and Et is decreasing 
with increasing temperature, there are differences in magnitude. Et increases slightly at 400 °C 
before it decreases to a much lower level at 1000 °C, while Ec shows a continuous decrease. The 
maximum difference between Ec and Et reaches 6.6 GPa at 400 °C.  
 
4.2.6 Tensile strength 
 
Brazilian test results are documented in Table 4-6 and Figure 4-14. It shows a decrease at elevated 
temperatures with a reduction of nearly 25% at 400 °C compared with samples not heated. Tensile 
capacity of the granite nearly vanishes after a temperature treatment up to 1000 °C. 
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Table 4-5 Calculated Young’s modulus of granite at different temperatures 
T [°C] Ec [GPa] Et [GPa] 
25 23.96 27.38 
400 21.16 27.73 
600 10.93 17.39 
800 2.26 4.50 
1000 0.18 0.34 
 
Table 4-6 Brazilian test results of granite experienced different temperatures 



















Figure 4-13 Elastic modules of granite after heat treatment 
 




Figure 4-14 Tensile strength of granite after heat treatment 
  




5 Pre-study: numerical modelling of thermal induced cracking of granite 
 
The continuum based Finite Difference code FLAC3D is used in this study. The thermal option of 
FLAC3D incorporates conduction models for thermal analysis. The mechanical models combined 
with the isotropic conduction model allow the simulation of thermal induced strains and stresses 
(i.e. thermo-mechanical coupling). Several versions of the well-known Mohr-Coulomb constitutive 
model with tension cut-off were extended by the established thermo-mechanical parameter 
relations described in section 2.2 to investigate the potential of realistic simulation of thermal 
induced damage. A new constitutive law for thermal cracking of granite is developed based on the 
general property variations, which aims to build a model suitable for most granites. The obtained 
new constitutive law is validated on uniaxial compression tests on granite samples after being 
exposed to high temperatures up to 800 °C. The proposed numerical model is able to duplicate the 
thermal induced cracking which results in reduced peak strength, pronounced softening and 
transition from brittle to ductile behavior. Comparison with lab tests in respect to thermal induced 
fracture pattern and stress-strain relations shows remarkable agreement.  
 
5.1 Influence of property distributions and constitutive law  
 
5.1.1 Model description 
 
The basic expression based on the energy balance has the following form: 
t
TCqq vvii ,                            (5-1) 
where qi [W/m2] is the heat-flux vector, qv [W/m3] is the volumetric heat-source intensity, Cv 
[J/kg°C] is the specific heat at constant volume, and ρ [kg/m3] is the mass density. The thermal 
conduction in the model is governed by Fourier's law, which equals to the product of thermal 
conductivity k [W/m°C] and the temperature gradient, - T [°C/m]. The heat transfer law has the 
form: 
iq k T                                 (5-2) 
 




Solution of thermal-stress problems requires reformulation of the incremental stress-strain relations, 
which is accomplished by subtracting the portion due to temperature change from the total strain 
increment. Thermal stress and strain changes are given by the following expressions: 
3 K Ttij ij                             (5-3) 
Ttij ij                               (5-4) 
where αt [1/°C] is the coefficient of thermal expansion, ΔT is the temperature increment, K is the 
bulk modulus [Pa] and δij is the Kronecker delta. 
 
Previous thermo-mechanical models are homogeneous, which means the physical and thermo-
mechanical properties of each element in the model have the same value. This might be an efficient 
way for large scale applications, but for considerations at a smaller scale (e.g. at the grain size level) 
the heterogeneity of physical and thermo-mechanical properties may become important. To reflect 
such an inhomogeneity, the Weibull statistical distribution is applied for the thermo-mechanical 
parameters. The cumulative distribution function (CDF) and probability density function (PDF) 
are given by the three-parameter Weibull distribution (Weibull 1951; Liu et al. 2004): 
0
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u ux x x xdF mf x
dx x x x                    (5-6) 
where x (x ≥ 0) is the Weibull distributed random variable, xu is the threshold value of x or location 
parameter, m is the shape parameter (also called homogeneity index) describing the scatter of x, 
and x0 is the scale parameter which is related to the mathematical expectation. Frequently, xu can 
be set to zero (Vales and Rezakhanlou 1999; Liu et al. 2004), yielding the two-parameter Weibull 
distribution. CDF, PDF, mean E(x), and variance Var(x) are given by:  
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           (5-10) 
where Γ is the Gamma function. 
 
The Weibull random variable x, which is essential to be used for property distributions, cannot be 
calculated directly from the equations above. This can be solved with the inverse function of the 
two-parameter Weibull distribution. F(x) describes the probability of a random variable taking a 
value less than or equal to x. It has the property of 0 ≤ F(x) ≤ 1, which can be presented by random 
numbers u within the interval [0,1] (i.e. F(x)= u). u can be created through a universal random 
number generator. Subsequently we can obtain the Weibull distributed random variable: x = F-1(u). 
If the basic property of the sample is P0, the specific property of the numerical element i is Pi, and 
the corresponding Weibull random variable is xi, then we obtain the randomly distributed property 
Pi = P0  xi. The expressions of x and x0 can thus be expressed as:  
1/
0[ ln(1 )]






                             (5-12) 
 
The shape parameter m describes the variation of the element property, it plays an important role 
for the thermo-mechanical behavior. Many studies have been conducted on estimating the Weibull 
parameters for better representing the reliability of materials. To estimate the Weibull parameters, 
many methods like the least-square (LS) method, the maximum likelihood (ML) method, and 
method of moments (Davies 2001; Deng and Jiang 2017) have been used. Each method has one or 
more shortcomings like invalid assumptions, lack of physical meaning, difficulty of use or accuracy 
relies on a large number of data (Davies 2001). The Weibull distribution with estimated parameters 
can be used to characterize the scatter in strength and enables us to know the probability of failure 
for a certain load. All these methods are based on macroscale properties of the sample to obtain the 
Weibull parameters, and they are not suitable for property distributions at the element scale. Tan 
(2013) has pointed out that statistical parameters for element properties of the sample should be 
determined by investigations at the mineral scale. This is extremely complicated in lab tests, and 




previous researchers generally implemented statistical distributions of properties without 
considering the different mineral proportions in a quantitative way.  
 
Liu et al. (2004) suggests that the scale parameter x0 can be treated as mean value of a property as 
it is approximately the mean value of the Weibull distribution E(x). In this study, we set the mean 
of Weibull random variables E(x) = 1, assuming that the mean value of the property of all elements 





m                              (5-13) 
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                   (5-14) 
 
According to the above equation, the shape parameter m can greatly influence the variance of 
random variables, especially when m is less than 4 (see Figure 5-1a). The scatter characteristics of 
the rocks is indicated by different m. Figure 5-1b shows the PDFs of the Weibull distributions with 




Figure 5-1 Weibull distributions  
 
A cylindrical granite specimen with 50 mm in diameter and 100 mm in length was modelled as 
shown in Figure 5-2a. Because sample geometry and boundary conditions are completely 
(a) Weibull variance vs. shape parameter                      (b) Probability density 




symmetric, only one quarter was simulated, taken into account that this is not absolutely correct in 
case that random distribution of parameters is assumed. The outer boundary temperature was fixed 
to the desired value. Displacements at the two perpendicular symmetry planes and the bottom were 
fixed in normal direction (Figure 5-2b). For this preliminary study, a relatively coarse mesh with 
1152 zones was used. Table 5-1 shows the initial thermo-mechanical granite properties at room 
temperature. All the parameters in numerical models were temperature-independent in this section. 




Figure 5-2 Schematic diagram of the granite model 
 
Table 5-1 Model parameters 
Parameters Initial Values 
Coefficient of linear thermal expansion αt [1/°C]  8×10-6 
Specific heat Cv  [J/kg°C] 820 
Thermal conductivity k [W/m°C] 2.6 
Young's Modulus E [GPa] 37.35 
Poisson's ratio ν 0.127 
Tensile Strength σt [MPa] 13 
Cohesion c [MPa] 23 
Friction angle φ [°] 50 
Dilation angle ψ [°] 10 
Density ρ [kg/m3] 2645 
 
Besides the classical Mohr-Coulomb model with tension cut-off, the Strain-Softening model is also 
used. The advantage of this law is that cohesion, friction, dilation and tensile strength can soften 
(b) 50 mm 
100 mm 
(a) 




or harden after the onset of plastic yield. The softening table relating tension limit to plastic tensile 
strain and tables relating shear parameters (cohesion, friction angle, and dilation angle) to plastic 
shear strains are the same as in section 5.2.3, where these parameters are back-calculated from lab 
test results. In summary, four approaches (Table 5-2) were applied. In Weibull models, the shape 
parameter m characterizes the brittleness (high values for m lead to more brittle behavior and vice 
versa). Tan (2013) tested different shape parameters (m = 5 to 40) to simulate heterogeneous granite 
samples and found that it is extremely complicated to determine an accurate shape parameter. In 
these models, we set the shape parameter m = 10 and the scale parameter x0 = 1.05.  
 
Table 5-2 Model approaches 
Model Constitutive law Property distribution 
1 Mohr-Coulomb Homogeneous 
2 Mohr-Coulomb Weibull distribution 
3 Strain-Softening Homogenous 
4 Strain-Softening Weibull distribution 
 
5.1.2 Temperature distribution 
 
Homogeneous and heterogeneous model show slightly different temperature distribution patterns 
(Figure 5-3). Figure 5-3c shows that the biggest temperature difference between these two models 
is 0.86 °C. Figure 5-4 shows distributions of density, thermal conductivity and specific heat in the 
model. These heterogeneous properties can influence the heat convention, and consequently lead 
to changes in temperature gradient. 
 
5.1.3 Thermal induced damage 
 
Figure 5-5 shows that only tensile failure occurs in the homogeneous model, while inside the 
heterogeneous model in addition also some shear failures can be observed. Another difference is 
that the outer surface of the homogenous model is undamaged except for the top and bottom. Lab 
tests and numerical simulations have shown that thermal induced cracks are usually isolated and 
spread over the whole sample (Zhao 2016; Yang et al. 2017). In general, the failure pattern of the 
heterogeneous model is more realistic. It reproduces the general trend superimposed by some local 
fluctuations.  




Figure 5-6 shows the plasticity states of Mohr-Coulomb and Strain-Softening model with 
heterogeneous property distributions (i.e. Model 2 and Model 4 respectively). The failure pattern 
of Strain-Softening model (Figure 5-6b) is similar to that of the Mohr-Coulomb model, but tends 
to produce more isolated cracks compared with the more connected failure zones shown in Figure 
5-6a. Also, compared with the Mohr–Coulomb model, in general the strain-softening model can 
reflect the strength reduction and the post-failure behavior of the sample in a more realistic way. 
 
 




Figure 5-4 Property distributions of the sample heated for 50 s with 150 °C at outer boundary 
 
(a) Homogeneous     (b) Heterogeneous         (c) Temperature distribution along scanlines 
Scanline Scanline 
(a) Density [kg/m3]            (b) Thermal conductivity [W/m°C]      (c) Specific heat [J/kg°C] 





Figure 5-5 Failure states for model 1 and 2 heated for 50 s with 150 °C at outer boundary 
 
 
Figure 5-6 Plasticity states of different models heated for 50 s with 150 °C at outer boundary 
 
5.2 Influence of temperature-dependent properties 
 
5.2.1 Model description 
 
The geometrical model for studying the influence of temperature-dependent properties (i.e. 
sensitivity analysis) is the same as shown in Figure 5-2. Table 5-3 shows the parameters used in 
the model. All the models use the same set of softening tables mentioned in section 5.2.3. In these 
models, Weibull functions with the shape parameter m = 10 and the scale parameter x0 = 1.05 are 
used for property distributions. The simulations assume temperature-dependent variations of 
mechanical and thermal properties via the corresponding trend curves given in section 2.2. For 
each boundary condition, a reference model was built where all the 8 parameters are temperature-
(a) Homogeneous                   (b) Heterogeneous  
(a) Mohr-Coulomb     (b) Strain-Softening 




independent. Except for the parameters to be investigated, all other input parameters are the same 
as in the reference model. The results are shown in form of difference values related to the reference 
model.  
 
The standard fire time-temperature curve given in ISO 834 is used for fire resistance test, and the 
temperature development is described by the following equation: 
0 345 8 1T T log t                           (5-15) 
where T0 is room temperature, T is the fire temperature in °C, and t is time in minutes. According 
to the equation, the average heating rate is 35 °C/min to reach 800 °C starting from 25 °C. Two 
boundary conditions were considered: (i) fixed boundary temperature of 800 °C for 50 s and (ii) 
constant heating rate of 35 °C/min at the outer boundary until 800 °C has been reached. 
 
Table 5-3 Parameters for sensitivity study (see also Table 2-1) 
Parameters Temperature-dependent values 
Coefficient of linear thermal expansion αt [1/°C] αt (T) = 8×10-6× fαt/ αt0 
Specific heat Cv  [J/kg°C] Cv (T) = 820 × fCv / Cv0 
Thermal conductivity k [W/m°C] k (T) = 2.6 × fk / k0 
Young's modulus E [GPa] E (T) = 37.35 × fE / E0 
Poisson's ratio ν ν (T) = 0.127 × fν / ν0 
Tensile strength σt [MPa] σt (T) = 13 × fσt / σt0 
Cohesive strength c ]MPa] c (T) = 20 × fct / c0 
Friction angle φ [°] φ (T) = 50 × fφt /φ0 
Dilation angle ψ [°] 10 (constant) 
Density ρ [kg/m3] 2645 (constant) 
 
5.2.2 Thermo-mechanical behavior with temperature-dependent parameters 
 
5.2.2.1 Temperature distribution 
 
Figure 5-7 shows the temperature variations along the scanline (see Figure 5-3) for a model heated 
for 50 s with a constant boundary temperature of 800 °C. All the values were processed by 
subtracting the data of the reference model. We can see that specific heat and thermal conductivity 
have obvious effects on temperature distribution. Whereas, thermal conductivity plays a more 




important role than specific heat, causing the largest difference of 91.9 °C temperature decrease. 
Figure 5-8 shows the simulation results for the model heated up to 800 °C with a heating rate of 
35 °C/min. Specific heat shows a more obvious influence under these conditions, but thermal 
conductivity still contributes most to the temperature variations. In the central area of the sample, 
the temperature-dependent properties lead to a temperature difference up to 91.2 °C. 
 
Figure 5-7 Temperature variations along the scanline for model with a constant boundary 
temperature of 800 °C exposed for 50 s considering different parameters. 
 
 
Figure 5-8 Temperature variations along the scanline for model with a heating rate of 35 °C/min 
reaching 800°C at the outer boundary considering different parameters 
 




5.2.2.2 Thermal induced stresses 
 
Figure 5-9 and Figure 5-10 show variations of principal stresses induced by temperature-dependent 
parameters under constant boundary temperature. Both, maximum and minimum principal stresses 
are strongly influenced by thermal expansion coefficient, thermal conductivity, Young’s modulus, 
and tensile strength. All temperature-dependent parameters lead to a significant increase in the 
value of Δσ = σ1 - σ3 at the distance of 10.9 mm, and such kind of localized stresses will 
subsequently result in more isolated failures across the sample. Compared with the model of 
constant boundary temperature, thermal stresses in proximity to the outer boundary are sensitive 
to property variations for a heating rate of 35 °C/min (Figure 5-11 and Figure 5-12). This is because 
the heating rate results in a continuous temperature increase (i.e. thermal gradient) near the 
boundary, thus causing variations in thermal stresses. Another noticeable phenomenon is that 
cohesive strength becomes more important in the model with a constant heating rate. In both 
scenarios, the influence of friction angle, specific heat, and Poisson’s ratio on stress changes is 
relatively small. Especially the impact of friction angle can be ignored compared with other 
parameters. Nevertheless, thermal expansion coefficient, thermal conductivity, tensile strength, 
and Young’s modulus always have significant influence on thermal stress evolution. 
 
 
Figure 5-9 Maximum principal stress σ1 variations along scanline for model with a constant 
boundary temperature of 800 °C considering different parameters 





Figure 5-10 Minimum principal stress σ3 variations along scanline for model with a constant 




Figure 5-11 Maximum principal stress σ1 variations along scanline for model with a heating rate 
of 35 °C/min considering different parameters 
 





Figure 5-12 Minimum principal stress σ3 variations along scanline for model with a heating rate 
of 35 °C/min considering different parameters 
 
5.2.2.3 Thermal induced deformations 
 
Total displacements, i.e. displacement magnitudes of grid points, are greatly influenced by thermal 
expansion coefficient, Young’s modulus, and thermal conductivity under constant boundary 
temperature scenario (Figure 5-13). Obviously, thermal expansion coefficient contributes most, 
while thermal conductivity leads to a slightly opposite behavior. The reason is that thermal 
expansion coefficient increases strongly with increasing temperature, while thermal conductivity 
has an opposite trend which results in a decrease of temperature increment. Consequently, the 
displacement is reduced according to Eq. (5-4). 
 
The variations of properties under constant boundary temperature also induce the expansion and 
contraction of granite as shown in Figure 5-14. The minimum stress variation (Figure 5-10) has 
shown that when all parameters are temperature-dependent, there is a big increase in compressive 
stress at a distance of 10.9 mm. This is why the volumetric strain increment of the grain becomes 
negative (i.e. contraction). As expected, largest grain expansion takes place at the boundary. 
 





Figure 5-13 Total displacement variations along scanline for model with a constant boundary 
temperature of 800 °C considering different parameters 
 
 
Figure 5-14 Volumetric strain increments along scanline for model with a constant boundary 
temperature of 800 °C considering different parameters 
 
In the second scenario with a heating rate of 35 °C/min (Figure 5-15), the linear thermal expansion 
coefficient dominates the displacement again. Other temperature-dependent parameters have only 
insignificant influence. Figure 5-16 shows the volumetric strain variations for a heating rate of 
35 °C/min. Again, thermal expansion coefficient determines the dilatation of the granite. 





Figure 5-15 Total displacements along scanline for model with a heating rate of 35 °C/min 
considering different parameters 
 
 
Figure 5-16 Volumetric strain increments along scanline for model with a heating rate of 
35 °C/min considering different parameters 
  




5.2.3 Validation of the modelling strategy  
 
5.2.3.1 Model description 
 
Based on an evaluation of the modelling strategy described above, the basic idea of the proposed 
constitutive model is illustrated in Figure 5-17. A quarter of a three-dimensional model with finer 
mesh of 6500 elements was set up with a radius of 25 mm and a height of 100 mm. All parameters 
are assigned according to a Weibull distribution with the shape parameter m = 15 and the scale 
parameter x0 = 1.036. The geometrical boundary is fixed as shown in Figure 5-2. The model was 
heated with a rate of 5 °C/min and then kept at target temperatures for 30 minutes to achieve nearly 
homogeneous final temperature distribution.  
 
 
Figure 5-17 Sketch of the established model for thermo-mechanical simulation. εe is the elastic 
strain, εp is the plastic strain  
 
Figure 5-18 shows the axial stress-strain curves for uniaxial loaded granite specimens after thermal 
treatments. It is conspicuous that the behavior changes dramatically beyond 600 °C. Below 600 °C 
a smooth transition from brittle to slightly ductile behavior can be observed. Zuo et al. (2017) 
suggested that 250 °C could be considered as a threshold for the brittle ductile transition for some 
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brittle characteristic of granite. To characterize the stiffness of the sample, a threshold modulus Ec 
obtained from dividing peak axial stress σc by the peak axial strain εc is defined. The input Young’s 
modulus Einput, which governs the elastic behavior before yielding can be back-analyzed based on 
Ec.  
 
Figure 5-18 Axial stress-strain curves for uniaxial loaded granite specimens after thermal 
treatments (Yang et al. 2017) 
 
Table 5-4 shows the input parameters used in the model. They are implemented as temperature-
dependent properties in form of fitting equations for certain temperature ranges (e.g. 25 - 200 °C, 
200 – 300 °C etc.). Friction angle φ is set to 50° and is temperature-independent. Cohesive strength 
c and softening parameters (i.e. tables for cohesion, dilation, friction and tension) are back-
calculated from lab test results. Figure 5-19 shows the softening parameters used in this model. If 
tensile crack width (corresponds to plastic tension strain) is large enough, the tensile strength of 
the element is approaching zero (Figure 5-19a). Considering that friction angle has negligible 
influence on the thermo-mechanical behavior, as the sensitivity analysis revealed, and assuming 
that dilation angle will approach zero after shear failure, they follow softening laws without 
temperature dependency (Figure 5-19b). It has been discovered that cohesive strength has obvious 
impact on thermal stress distribution (Wang and Konietzky 2019), and is therefore back-analyzed 
carefully for different temperatures (Figure 5-19c). Although these back-calculated softening 
parameters fit this lab test very well (nearly perfect), future analyses of more lab tests are necessary 
to obtain general softening laws.  
 




Table 5-4 Back-analyzed parameters used for numerical modelling (Wang and Konietzky 2019) 
Sample [°C] νs ρ [kg/m3] Ec [GPa] Einput [GPa] c [MPa] 
25 0.127 2643 26.96 29.5 15.88 
200 0.098 2633 26.84 31 18.10 
300 0.109 2632 30.83 36 20.20 
400 0.095 2628 22.155 29 16.40 
500 0.041 2608 16.21 21 15.00 
600 0.038 2565 11.12 14 10.85 
700 0.244 2449 2.73 3.56 5.80 
800 0.367 2358 1.27 1.70 3.70 
 
 
Figure 5-19 Variation of softening parameters with plastic strain. εpt is the plastic tension strain, 
εps is the plastic shear strain, and subscript ‘e’ means the property at plastic strain εp = 0  
 
Because of the extreme long run-times of the models, one quarter of the cylinder is used for model 
validation under the assumption of symmetry conditions. This holds for the homogeneous model, 
but is – in a strict sense - not correct for the inhomogeneous models. Therefore, coarse models of 
one-quarter (2250 elements) and a complete cylinder (9000 elements) with same element size and 
parameters were set-up. Figure 5-20 shows boundary conditions and tensile strength distributions 
as an example. To provide an insight into the complete cylinder model one quarter was hidden just 
for illustration (see Figure 5-20b). They are heated from 25 °C to 300 °C from the outer boundary 
(see Figure 5-17) with a rate of 5 °C/min. The temperature distributions of the two samples are 
quite similar (see Figure 5-21). Figure 5-22 shows the plasticity states of the models for 200 °C 
and 300 °C. The crack initiation starts at about 200 °C in the one-quarter and the cylinder sample. 
Also the failure evolution of these two models at higher temperatures are quite similar. The stress-
strain behaviors of the two models are also compared (see Figure 5-23).  
 
(a) Tension                          (b) Friction and dilation angle                              (c) Cohesion 





Figure 5-20 Boundary condition and tensile strength [Pa] distribution of one-quarter and 
complete cylinder model. 
 
 
Figure 5-21 Temperature distribution of one-quarter and complete cylinder model at 300 °C 
 
 
Figure 5-22 Thermal induced damages of one-quarter and complete cylinder model 
 
(a) Quarter                                   (b) Cylinder 
(a) Quarter            (b) Cylinder 
(a)200 °C    (b) 300 °C                   (c) 200 °C           (d) 300 °C 





Figure 5-23 Stress-strain curves of one-quarter and complete cylinder model 
 
The difference in mechanical behavior considering different temperatures is very small. However, 
the run-time for the cylinder model is about 8 times longer than that for the one-quarter model. 
With finer meshes, the difference increases significantly. Therefore, test calculations have shown 
that the deviation in terms of stress-strain behavior, temperature evolution and damage pattern 
between the full cylindrical inhomogeneous model and the corresponding one-quarter model are 
very small. Based on this finding, the simulations for model verification can be performed with 
one-quarter models.  
 
The simulation of granite after heat treatments is based on the assumptions that in slow heating-
cooling cycles: (1) thermal cracking and strength reduction only occurs during the heating process, 
and that there is no more property change once the temperature of the sample becomes uniform; 
(2) the influence of thermal gradient during the naturally cooling process up to room temperature 
can be neglected. These assumptions are based on lab test findings: Wang et al. (1989) counted 
acoustic emissions while a westerly granite sample was heated to a maximum temperature of 
300 °C under confining pressures up to 55 MPa. No significant acoustic emissions were observed 
during cooling. Griffiths et al. (2018) performed heating and cooling cycles of Westerly Granite 
up to a maximum temperature of 450 °C at ambient pressure. By using acoustic emission 
monitoring and ultrasonic velocity measurements, they found that thermal microcracking during 
cooling is much less significant than during heating. Lin (2002) measured the permanent strain of 
Inada granite subjected to slow and homogeneous temperature change under atmospheric pressure. 




He found almost no microcracking during cooling. The generation of new microcracks and the 
widening of the pre-existing ones are solely associated with the process of heating. 
 
5.2.3.2 Thermal damage characteristics 
 
Optical microscopic observations showed that 200 °C has not caused any visible thermal induced 
microcracks (Figure 5-24a) in this type of granite. Many boundary and transgranular cracks became 
visible when sample was heated up to 400 °C, but most grains still remain intact (Figure 5-24b). 
At 600 °C, microcracks have propagated across most grains with an obvious increase in crack 
quantity and width (Figure 5-24c).  
 
Figure 5-25 shows plasticity states in numerical models for different temperatures. Failed elements 
can be interpreted as thermal induced microcracks. Just as the optical observations show, nearly no 
failures occur at 200 °C (Figure 5-25a). At 400 °C (Figure 5-25b), more zones fail in tension, but 
still many zones remain undamaged. However, the majority of zones experience tensile failure at 
600 °C (Figure 5-25c), indicating a large number of tensile microcracks. The evolution of plasticity 




Figure 5-24 Optical microscopic observations of granite specimens at different temperatures: 
“bc” means “boundary crack”, and “tc” means “transgranular crack” (Yang et al. 2017)  
 
It should be noticed that at 600 °C, microcracks cannot be captured by X-ray CT technique with a 
minimum resolution of 30 μm (Figure 5-26). Only a few macrocracks wider than 30 μm can be 
observed at 700 °C, while the number of macrocracks shows an abrupt rise at 800 °C. The X-ray 
(a) T = 200 °C (b) T = 400 °C (c) T =600 °C 




CT scanning results also illustrate the inhomogeneous behavior of thermal induced cracks, which 
are isolated from each other and widespread over the whole sample.  
 
 
Figure 5-25 Plasticity states of the sample at different temperatures  
 
 
Figure 5-26 Horizontal cross-sections at a height of 35 mm of uniaxial loaded granite specimens 
after heat treatment (Yang et al. 2017) 
 
In a simplified manner, it is assumed that the strain of thermally induced cracks of granite equals 
the tensile plastic strain in the numerical model. The length of model elements is between 
1.10 × 10-3 and 2.6 × 10–3 m. The smallest width of the macrocracks is 30 μm. Then it can be 
deduced that the minimum plastic strain for macrocrack generation is about 1.15 × 10-2 to 
2.73 × 10-2. Figure 5-27 shows the plastic tensile strain at 700 °C for horizontal cross-sections at 
different height. The calculated plastic strains at 700 °C are mainly in order of 10-3, only a few 
elements have plastic tensile strain larger than 10-2. When heated to 800 °C (Figure 5-28), the 
macrocrack density is significantly increased as also shown in the lab test (Figure 5-26).  
 
(a) 200 °C                  (b) 400 °C              (c) 600 °C 





Figure 5-27 Plastic tensile strain at 700 °C for horizontal cutting planes of different height  
 
 
Figure 5-28 Plastic tensile strain at 800 °C for horizontal cutting planes of different height  
 
Figure 5-29 shows the plastic tensile strains in vertical cross sections. From the strain distribution, 
we can infer that macrocracks with width greater than 30 μm can hardly be observed at 
temperatures up to about 600 °C (Figure 5-29a). But a large number of isolated macrocracks are 
formed at temperatures between 700 °C to 800 °C (Figure 5-29b, c). This is in a remarkable 
consistency with lab observations (see Figure 5-26), although strain contours are only an indirect 
way to investigate real cracks.  
 
Figure 5-30a shows a CT image of an vertical cross section along the central part of the granite 
sample, and Figure 5-30b shows elements with plastic tensile strain larger than 1.15 × 10-2 
(corresponds to crack width larger than 30 μm) at 800 °C. Figure 5-30c documents that also thermal 
cracks are quite distinct and covering the whole sample similar to the lab observations. 
 
(a) Z = 10 mm                      (b) Z = 35 mm                 (c) Z = 60mm 
(a) Z = 10 mm                         (b) Z = 35 mm                   (c) Z = 60 mm 





Figure 5-29 Plastic tensile strain observed at vertical cutting planes at different temperatures 
 
 
Figure 5-30 Macrocracks of granite at 800 °C: (a) vertical cross-section along centre of sample 
(Yang et al. 2017); (b) simulated macrocracks along vertical cross section; (c) simulated 3D 
macrocrack pattern 
 
5.2.3.3 Mechanical test after heat treatment 
 
After heat treatment, the thermo-mechanical coupling is deactivated and simulation is continued 
by pure mechanical uniaxial compression test at room temperature. Figure 5-31 shows the vertical 
stress-strain relations for samples heated up to different temperatures. The brittle characteristic of 
granite is obvious for temperatures up to about 300 °C, but above this temperature ductility 
becomes more and more predominant. These curves reproduce quite well the lab test results shown 
in Figure 5-18.  
      (a) 600 °C             (b) 700 °C               (c) 800 °C 
                    (a)                                                 (b)                                  (c) 
Macrocracks 




Table 5-5 documents the peak values of axial stress σcs and the corresponding strain εcs obtained 
from the simulations. The relative error of stress and strain (δσ and δε) between lab test and 
numerical simulation are also documented. As Figure 5-32 shows, peak axial stress and strain have 
a great consistency with the lab test results. This verifies again the accuracy and physical 
plausibility of the developed numerical model used in this study. 
 
 
Figure 5-31 Simulated stress-strain relations for uniaxial compression tests on samples exposed 
to different temperatures before (compare with Fig. 5-18) 
 
Table 5-5 Simulation results of peak axial stress and strain 
Specimen [°C] σcs  [MPa]  δσ [%]  εcs [10-2] δε  [%] 
25 80.73  0.84  0.297 0 
200 91.74  1.72  0.343 2.08 
300 102.02  -0.02  0.342 3.32 
400 81.19  -0.66  0.361 -2.17 
500 72.23  -0.07  0.455 2.02 
600 53.33  -4.07  0.527 5.4 
700 25.89  -6.53  1.057 4.04 
800 16.84  9.71  1.214 0.33 
 





Figure 5-32 Comparison of simulation and lab test results  
 
Simulation results indicate, that a modelling strategy using a modified Mohr-Coulomb model with 
strain softening and tension cut-off in combination with stochastic parameter distribution and 
temperature dependent adjustment of parameters (tensile strength, Young’s modulus, cohesive 
strength, thermal conductivity, Poisson’s ratio, thermal expansion coefficient, specific heat) allows 
to simulate thermal induced damage in a realistic manner. The comparison of damage and fracture 
patterns as well as stress-strain relations between lab data and numerical simulations based on the 
new proposed procedure show a remarkable agreement, which can be considered as a first 
validation of the proposed modelling strategy. 
 
(a) Peak axial stress                                                            (b) Peak axial strain 




6 Methodology for heterogeneity characterization of rocks 
 
Although the statistical distribution method (e.g. Weibull distribution) can be used to reproduce 
the heterogeneous nature of granite, it lacks the factual mineral composition of the rocks. Another 
approach, the mineral based method, has some obvious drawbacks such as: (i) it heavily depends 
on detailed micro-observations and digital image processing (DIP); (ii) reconstruction of three-
dimensional bodies of heterogeneous materials is restricted; (iii) only one specific configuration is 
duplicated; (iv) models at the grain size level are restricted in size due to the restricted 
computational power. A new method to characterize the heterogeneity of rocks is needed to 
improve the accuracy and rationality of such simulations. 
 
A new methodology combining Weibull functions and the real mineral composition of granite is 
proposed, which overcomes the shortcomings of using existing methods for the heterogeneity 
characterization of rocks at the grain size level. The proposed Weibull-mineral based model can 
simulate thermal cracking of rocks in a more realistic way compared with previous methods such 
as the mineral-based model. This study also reveals the importance of thermo-mechanical property 
distributions at the grain size level for the overall thermo-mechanical behaviors at larger scale. 
Supported by lab tests, the proposed numerical model can well reproduce the lab results of thermal 
induced micro- and macro-cracks, as well as the stress–strain behavior and the final failure pattern 
of granite after heat treatments. 
 
6.1 Heterogeneity of granite 
 
The general percentage of quartz, feldspar, and mica in granite is approximately 25%, 60%, and 
15%, respectively. The percentage of main minerals in granites are usually quite stable at high 
temperatures as shown in Figure 6-1, at least for the main component of feldspar and quartz. This 
means that we can build a numerical model without considering the chemical reactions and mineral 
changes at elevated temperatures.  
 
A brief literature review was conducted in order to collect mineral properties (see Table 6-1). The 
mineral properties show some significant variations, and some properties like reliable tensile 
strength are lacking. Because thermal expansion coefficients of minerals are usually documented 




as volumetric or linear expansion values for different directions, we used one-third of the 
volumetric coefficient as linear expansion coefficient for isotropic thermal models according to the 
general relationship of βt = 3αt (Ramana and Sarma 1980; Huotari and Kukkonen 2004). 
Siegesmund and Snethlage (2013) believe that quartz and mica have high expansion coefficients 
and feldspar has a low expansion coefficient. They also stated that the linear thermal expansion 
coefficient for quartz lies between 9 × 10-6/°C and 14 × 10-6/°C, and the average coefficient of mica 
is around 8.7 × 10-6/°C to 17.8 × 10-6/°C (Mckinstry 1965; Siegesmund and Snethlage 2013). 
However, many other researchers suggest that the coefficient of mica (including biotite) is the 
smallest with a value of 3 × 10-6/°C (Yu et al. 2012; Zhao 2016; Yang et al. 2018), and the value 
24.3 × 10-6/°C for quartz (Fei 1995) is supposed to be the volumetric coefficient which is three 
times the linear one. Based on these references, we set the linear thermal coefficients of different 
minerals as shown in Table 6-1, and the mean value of 5.69 × 10-6/°C falls within the range of 5 ± 
1.6 × 10-6/°C for the linear thermal expansion coefficient of granite investigated by Huotari and 
Kukkonen (2004). The compressive strengths deduced from the hardness indices of Quartz, 
Feldspar and Mica are 200, 180, and 120 MPa (Tham et al. 2001), respectively. The ratio of 
compressive strength to tensile strength for granite is about 15 according to simulation and 
experimental results (Yu et al. 2012; Zhou et al. 2017). Therefore, the tensile strength of each 
mineral can be deduced approximately as shown in Table 6-1.  
 
 
Figure 6-1 Mineral composition of different granites at different temperatures. (a) Granite 1 
(Saiang and Miskovsky 2011); (b) Granite 2 (Yang et al. 2017)  
 
The scatter characteristics of the mineral properties can be described by the variance σx2. The mean 
μx and the variance σx2 of discrete random variable x can be calculated by: 
(a) Granite 1                                                     (b) Granite 2 
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p x                            (6-2) 
where pi is the probability of discrete random variable xi. 
 
Table 6-1 Mineral properties and corresponding Weibull parameters 

















Quartz 8 700 g 7.69 e 81 f 60 c 50 d 0.16 f 13 2650 g 25 
Feldspar 5.4a 630 g 2.31 e 52 f 50 c 40 d 0.19 f 12 2570 g 60 
Mica 3b 520 g 2.15 e 25 f 30 c 25 d 0.22 f 8 3120 g 15 
μx 5.69 631 3.63 55.2 49.5 40.25 0.187 11.65  2673  
E(x)=μxnorm 1 1 1 1 1 1 1 1 1  
Var(x)=σx2 0.076 0.0076 0.417 0.101 0.035 0.036 0.010 0.019 0.005  
m 4.1 14 1.6 3.5 6.3 6.1 12.1 8.8 17.4  
x0 1.101 1.038 1.115 1.111 1.075 1.077 1.043 1.057 1.031  
a (Robertson 1988), b (Yang et al. 2018), c (Tham et al. 2001), d (Chen et al. 2004), e (Clauser and Huenges 1995), f 
(Wei 2015), g (Yu et al. 2012) 
 
In Table 6-1, μxnorm is the mean value of the normalized mineral properties obtained by dividing 
the mineral property by the mathematical expectation, and it equals E(x) of the Weibull variables. 
Then the corresponding variance σx2 is obtained for each normalized parameter according to Eq. 
(6-2) (see Table 6-1). Results show that the variances of different properties are obviously distinct 
from each other, which makes it inappropriate to use one homogeneity index m to represent all of 
these variations. To obtain the Weibull parameters based on the mineral composition, we set Var(x) 
of the Weibull distribution equal to σx2 of the granite minerals. Then we obtain the corresponding 
Weibull parameters according to Eq. (5-13) and (5-14) (see Table 6-1). The statistical distribution 
based on mineral composition is physically significant, and the reconstruction of granite samples 
can represent the heterogeneity of mineral distributions in a quantitative manner. 
 
6.2 Model set-up for different approaches 
 
A cylindrical sample (Figure 6-2) with a diameter of 50 mm and a length of 100 mm is created in 
FLAC3D. 26,000 elements were generated and the average edge length of the elements is 1.96 mm. 




Five history points (see Figure 6-2b and c) are added to monitor the longitudinal and lateral 
deformation of the sample during the thermo-mechanical loading. During heating, the sample 
bottom (i.e. the XY plane) is fixed in vertical direction and a heat flux is applied to all surfaces. 
During the uniaxial compression test (Figure 6-2b), at bottom and top of the sample a low velocity 
(1 × 10 -8 m/s) is applied in the vertical direction. For uniaxial tension tests, a lower velocity 
(1 × 10 -9 m/s) is applied at the two ends of the cylinder (see Figure 6-2c). In both cases quasi-static 
conditions are guaranteed. 
 
 
Figure 6-2 Numerical model set-up for granite samples  
 
Three models (see Table 6-2) are created: reference Model A is homogeneous without 
heterogeneous property distributions. The second approach (see Figure 6-3a) is the Weibull-
mineral based model (Model B) using statistical distribution parameters given in Table 6-1. The 
mean values μx are used as macro property P0 for assigning different properties to the elements. 
The third approach (Figure 6-3b, c) is based on the general mineral composition (i.e. 25 % quartz, 
60 % feldspar, and 15 % mica) according to Table 6-1, and the property of each mineral is assigned 
separately (Model C). A big advantage of Model B is, that the randomly distributed properties can 
represent the mineral composition more realistic since natural granites do not consist only of three 
minerals. For instance, a few elements with very small tensile strengths (e.g. 3.3 MPa in Figure 
6-3a) could represent grains with pre-existing flaws, fluid inclusion, or trace minerals etc. 
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Table 6-2 Models with different property distributions 
Approach Model Input properties 
Homogeneous A Mean values from Table 6-1 
Weibull-mineral based B Weibull parameters and mean values (Table 6-1) 
Mineral-based C Mineral properties from Table 6-1 
 
 
Figure 6-3 Property and mineral distribution of different models: (a) Tensile strength [Pa] 
distribution of Weibull-mineral-based Model B, (b) Mineral components of mineral-based Model 
C, (c) Tensile strength [Pa] distribution of mineral-based Model C  
 
The general temperature-dependent properties are discussed in great detail in chapter 2.2, and the 
deduced fitting equations are summarized in Table 2-1. The temperature-dependent property of 
element i is denoted as Pi (T), while P0i = P0 · xi represents the element property at room 
temperature. The new constitutive law (see Figure 5-17) based on a Mohr-Coulomb model with 
strain softening and tension cut-off in combination with statistical parameter distribution and 
temperature dependent adjustment of parameters is used. After the onset of plastic yielding, the 
strain-softening law assumes both, brittle softening (due to reduction in cohesion and tension) and 
gradual softening (due to a reduction in friction angle). The piecewise-linear softening relations 
(see Figure 6-4) in these models with general property values are set based on the previous work 
(Figure 5-19). Since the shear softening laws at different temperatures are very similar below 
200 °C, they are treated as temperature independent in these preliminary models which are heated 
up to 180 °C (see Figure 6-9). 
 
(a) Model B                               (b) Model C                   (c) Model C 





Figure 6-4 Variation of softening parameters with plastic strain. εpt is the plastic tensile strain, εps 
is the plastic shear strain, and subscript ‘e’ means the property at plastic strain εp = 0  
 
6.3 Thermo-mechanical properties and cracking behavior of different approaches 
 
6.3.1 Uniaxial compression tests 
 
Figure 6-5 shows the stress-strain relationships of different models during uniaxial compression 
tests. The homogeneous Model A has the greatest compressive strength of 217 MPa, which is 34 % 
higher than the Weibull-mineral based Model B (162 MPa) and 36 % higher than the mineral-based 
Model C (160 MPa). This is in consistence with previous studies (Cao et al. 2004; Liu et al. 2004; 
Tan 2013) which show that the dispersion degree of property distribution can influence the rock 
strength, and a higher dispersion (i.e. a smaller homogeneity index m) results in a lower strength. 
The simulated compressive strengths of Model B and C are very similar and the difference between 
them is only 1.3%. This trend is also observed for elastic modulus calculated from the linear part 
of the stress-strain curve. The homogeneous Young’s modulus EA of 55.1 GPa is almost the same 
as the input model parameter (55.2 GPa), while EB (Weibull-mineral based Model B) and EC 
(Mineral-based Model C) are slightly lower (7.6 % and 6.4 %, respectively) than the input value 
but again very close to each other (see Figure 6-5a).  
 
Figure 6-5b shows the development of Poisson’s ratio until reaching a constant value at the elastic 
stage. The Poisson’s ratio of Model A (vA) is the same as the input value of 0.187. The Weibull-


























mineral based value vB is only 1.1 % lower. The biggest deviation of the Poisson’s ratio occurs in 
Model C but is only 4.8 % smaller than the result of the homogeneous model.  
 
 
Figure 6-5 Uniaxial compression test results of different models 
 
In order to detect the influencing factors for the strength reduction of the heterogeneous models, 7 
groups of models based on Model B are designed (see Table 6-3). Only the parameters to be 
analyzed are changed into homogeneous, while other parameters are the same as in the 
heterogeneous model (Model B).  
 
Table 6-3 Strength parameters for model analysis 
Model φ [°] c [MPa] E [GPa] v [-] 
B1 49.5 - - - 
B2 - 40.25 - - 
B3 49.5 40.25 - - 
B4 - - 55.2 - 
B5 49.5 40.25 55.2 - 
B6 - - - 0.187 
B7 49.5 40.25 55.2 0.187 
 
As expected, results of Model B1, B2 and B3 show that cohesion and friction angle have some 
influence on the macroscopic compressive strength (see Figure 6-6). The homogeneous Young’s 
modulus shows a great influence on the stress-strain relationships, and leads to a significant 
reduction of the macro strength of the sample (B4). The peak strength of 206.8 MPa for Model B5 
indicates that all the three parameters (cohesion, friction angle, and Young’s modulus) together 






































vC = 0.178 




have a dominant effect on the uniaxial strength of the heterogeneous sample. Model B6 has almost 
the same strength as the homogenous model, indicating that Poisson’s ratio has only a minor 
influence. Considering the fact that only Poisson’s ratio of the heterogeneous model equals the 
input value (lab test result), all the other parameters including cohesion, friction angle, and Young’s 
modulus need to be back-calculated for the heterogeneous model. 
 
 
Figure 6-6 Uniaxial compression results of different models 
 
6.3.2 Direct tensile tests 
 
Tensile strength also shows an obvious reduction caused by heterogeneity (see Figure 6-7). The 
tensile strength of Model A (homogeneous) is 11.61 MPa, which is nearly the same as the input 
tensile strength of 11.65 MPa. The tensile strength of Model C (9.38 MPa) is 19.5 % lower than 
the input parameter, while the strength of Model B (9.01 MPa) is 22.7% lower. To investigate the 
influencing factors on the strength reduction, a set of models with various minimum tensile 
strengths (tensile strengths of micas) are designed (Table 6-4). Because the tensile behavior of 
Model B and C are very similar, only the Weibull-mineral based models are built exemplary on the 
basis of Model B. All the other parameters are the same as for the reference model (Model B).  
The simulation results are documented in Figure 6-7b and Table 6-4. 
 
The value of the mineral tensile strength (σtmica in this case) can significantly influence the 
homogeneity index m, especially when σtmica  > 9 MPa (i.e. closer to the value of quartz and feldspar) 
(see Figure 6-7b). When σtmica < 7 MPa, the simulated tensile strength and m show a simultaneous 




























is almost negligible afterwards, and the rapid increase of m does not contribute to the increase of 
final strength. Another noticeable phenomenon is that the difference δ between the input value and 
the output value (simulation result) vary only slightly between 2 and 3 MPa for the whole range 
(see Table 6-4). Considering that the maximum variation of the mean value is only 1.2 MPa while 
m grows nearly 9 times from 4.2 to 36.5, we can infer that it is the mean value of the mineral 
strengths and not the m that dominants the macroscopic tensile strength of the sample. This finding 
is helpful for the investigation of appropriate tensile strength for heterogeneous models, especially 
when the homogeneity index m of a granite has been determined based on the mineral composition. 
 
 
Figure 6-7 Stress-strain relationship in uniaxial tension test 
 





[MPa] Var(σt) mσt xσt 
σtsimulation 
[MPa] δ 
B8 4 11.05 0.0733 4.2 1.100 8.17 2.88 
B9 5 11.20 0.0555 4.9 1.090 8.53 2.67 
B10 6 11.35 0.0406 5.8 1.080 9.07 2.28 
B11 7 11.50 0.0284 7.0 1.069 9.29 2.21 
B12 8 11.65 0.0186 8.8 1.057 9.09 2.56 
B13 9 11.80 0.0112 11.4 1.046 9.07 2.73 
B14 10 11.95 0.0059 16.0 1.034 9.20 2.75 
B15 11 12.10 0.0027 24.0 1.023 9.12 2.98 
B16 12 12.25 0.0012 36.5 1.015 9.35 2.90 
 
(a) Stress-strain relationships                     (b) Influence of mica on macroscopic strength 




6.3.3 Thermal expansion 
 




                          (6-3) 
where V = initial volume of sample, ΔV = change in volume of sample, ΔT= temperature change. 
 
The average volume of the cylinder at different temperatures is calculated by V = πR2L (see Figure 
6-2a). To obtain the thermal expansion coefficients of the sample at room temperature, the model 
is heated from 25 °C to 26 °C with a slow heating rate of 2 °C/min until the sample is reaching a 
uniform temperature of 26 °C. Table 6-5 shows the simulation results of thermal expansion 
coefficient. The simulated coefficient is 5.68 × 10-6/°C for Model A, which is almost the same as 
the input value (5.69 × 10-6/°C), while the value for the mineral-based model is 5.8 % higher. With 
a linear thermal expansion of 6.19 × 10-6/°C, Model B shows the largest deviation (about 8.8 % 
higher). For simplicity, the lab test results of thermal expansion coefficient can be used directly for 
the heterogeneous models. 
 
Table 6-5 Simulated thermal expansion coefficient of different models 
Models V [m3] ΔV [m3] βt [10-6/°C] αt [10-6/°C] 
Model A 1.96×10-4 3.35×10-9 17.05 5.68  
Model B 1.96×10-4 3.65×10-9 18.57 6.19 
Model C 1.96×10-4 3.54×10-9 18.03 6.01 
 
6.3.4 Thermal induced cracking 
 
A homogeneous model is not suitable to simulate thermal cracking at the grain size level, therefore 
only results of the heterogeneous models are documented in this section. Since all the parameters 
adopted in these models are originated from literature without calibration, the results of thermal 
cracking here are only used for illustration and comparison. In order to have a deeper insight into 
the influence of mineral properties on thermal cracking behavior, Model D modified from the 
mineral-based model (Model C) is added. The feature of Model D is that the property value of each 
mineral (quartz, feldspar, and mica) varies according to Weibull variables limited in a range of 0.85 
to 1.15. The homogeneity index m = 8 of Model D is the average value of all the properties in Table 




6-1, and the corresponding x0 is 1.06. The mineral composition of Model D is the same as for 
Model C but the element properties vary on the basis of the mineral values in Table 6-1. For 
example, the tensile strengths of quartz, feldspar, and mica are 13 ± 1.95 MPa, 12 ± 1.8 MPa, and 
8 ± 1.2 MPa (see Figure 6-8), respectively. 
 
 
Figure 6-8 Tensile strength [Pa] distribution of different minerals in Model D 
 
The initiation of thermal cracks in Model B begins at 85 °C (see Figure 6-9). The mineral-based 
model (Model C) shows first thermal cracks about 5 °C in advance. Although the failure 
characteristics show some general similarities, the yielding elements are different in terms of 
numbers and development. In Model B, the number of cracks increase gradually with rising 
temperature. This characteristic of thermal crack development is consistent with lab test 
observations (Bauer and Johnson 1979; Lin 2002) in a qualitative way. Model C shows a stepwise 
growth in crack numbers. In Model C and D the majority of failures at the beginning stage (about 
75 to 100 °C) are originated from mica minerals with smaller tensile strengths (see Figure 6-9c, d, 
e, and f). Because all the micas have the same property in Model C, most of them tend to yield 
simultaneously once the accumulated stress exceeds the tensile limit. Therefore, the stepwise 
development of cracks is attributed to the property gaps between different minerals. Although 
Model D has the same mineral distribution as Model C, no obvious stepwise trend occurs in the 
crack development since the mineral properties in Model D are assigned according to the 
continuous probability distribution. On the other hand, the element properties in Model B are 
relatively smooth according to statistical equations. As a result, the thermal stresses will not exceed 
(a) Quartz                              (b) Feldspar                         (c) Mica 




the strength of many elements at the same time, leading to a gradual increase in thermal cracking. 
Although Model C is very similar to Model B in terms of the mechanical behavior, it is not capable 
of representing the thermo-mechanical behavior in a proper manner. 
 
 
Figure 6-9 Number of cracks at different temperatures. (a) Plasticity states of Model B. (b) 
Tensile strength [Pa] distribution of Model B. (c) Plasticity state of Model C. (d) Tensile strength 
[Pa] distribution of Model C. (e) Plasticity states of Model D. (f) Tensile strength [Pa] 
distribution of Model D 
 
6.4 Validation of the proposed method for property distribution 
 
6.4.1 Determination of numerical parameters based on lab testing 
 
The Laurentian granite consists of about 60 % feldspar, 33 % quartz, and 3–5 % biotite (Yin et al. 
2015). The proposed inhomogeneous continuum models are composed of 60 % feldspar, 33 % 
quartz, and 7 % mica. All the necessary parameters for the numerical model are calculated and 
documented in Table 6-6. The parameter values of minerals are the same as documented in Table 
6-1, while the statistical distribution parameters calculated on the basis of the mineral proportion 
are different. 
 




The equation used to determine the Brazilian tensile strength (BTS) is given by Eq. (4-1). The 
equation is obtained assuming that the sample is isotropic and only tensile failure is produced. 
Since most rocks fail in both, tensile and shear mode, the results obtained by this equation are not 
always equal to the actual tensile strength (Dinh 2011; Kwok and Duan 2015). Besides the strain-
softening disc (Figure 6-10b), another model with elastic lower and upper parts (Figure 6-10c), 
which can prevent the generation of shear failures, is also designed for comparison.  
 
Table 6-6 Parameters for Weibull-mineral model 















ux 6.1 645.4 4.1 59.7 51.9 42.3 0.18 12.1 2634.9 
m 4.7 16.9 1.7 4.1 8.2 7.6 12.8 12.2 24.0 
x0 1.09 1.03 1.12 1.10 1.06 1.06 1.04 1.04 1.02 
P0 input 2.90 645.4 2.5 98.5 51.9 55 0.21 16 2630 
 
For Laurentian granite an indirect tensile strength of 12.8 MPa was obtained by Brazilian tests with 
flat platens (Yin et al. 2015). The corresponding model is shown in Figure 6-10a. The flat platens 
have a dimension of 40 × 20 ×10 mm, and they are elastic with a bulk and shear modulus of 
160 GPa and 80 GPa, respectively. The Laurentian granite disc has a nominal diameter of 40 mm 
and a thickness of 18 mm. 8880 elements were used for the corresponding numerical model.  
 
The sample deforms as the load increases, therefore, an automatic contact between the sample and 
the loading platens must be designed. Interfaces which represent physical discontinuities are 
created to join the two sub-grids of the loading apparatus and the specimen. The interface stiffness 






                                   (6-4) 
where K and G are the bulk and shear moduli, respectively; Δzmin is the smallest width of an 
adjoining zone in the normal direction. For heterogeneous disc models, K and G of each element 
are generally in the order of 1 × 1010 Pa, while Δzmin is in the order of 1 × 10-3 m. For simplicity, 
the stiffness of the interface was calculated to be in the order of 1 × 1013 Pa/m according to Eq. 
(6-4). Both normal stiffness (kn) and shear stiffness (ks) were set to this value. 
 





Figure 6-10 Numerical model set-up for Brazilian test 
 
The simulation results of homogeneous samples with an input tensile strength of 12.8 MPa are 
shown in Figure 6-11. For the strain-softening disc (Figure 6-11a), both shear and tensile failure 
occur, while the elastic-strain-softening model (Figure 6-11b) only shows tensile failure. The 
simulated tensile strength according to Figure 6-11a is 12.1 MPa, which is lower than the input 
value of 12.8 MPa of the sample shown in Figure 6-11b. This proves that the shear failure at the 
load entry areas can really influence the tensile strength. Considering the fact that the 
heterogeneous distribution of mineral properties could result in a strength reduction (see section 
6.3), the input values of tensile strength for heterogeneous models should be back-calculated based 
on lab test results. 
 
According to lab tests Young’s modulus, UCS, and Poisson’s ratio of Laurentian granite are 
92 GPa, 259 MPa, and 0.21 (Yin et al. 2015), respectively. According to chapter 6.3.1, the shear 
input parameters should be higher than the lab results in the heterogeneous models. Because the 
friction angle φ is usually temperature-independent and has negligible effect on the thermo-
mechanical behavior (Wang and Konietzky 2019), the input value φ0 is set to uxφ as documented in 
Table 6-6. Subsequently the input Young’s modulus E0 and cohesive strength c0 at room 
temperature can be back-calculated as documented in Table 6-6. The uniaxial compression result 
of the calibrated model at room temperature (25 °C) is shown in Figure 6-12a. Both, UCS and 
Young’s modulus are nearly the same as those obtained from lab tests. Figure 6-12b shows the 















Brazilian test result of the heterogeneous model with calibrated parameters (see Table 6-6), which 
is in a good coincidence with the lab test value. 
 
 
Figure 6-11 Brazilian tests of homogeneous (a) and inhomogeneous (b) model  
 
 
Figure 6-12 Mechanical test results of calibrated inhomogeneous model at room temperature 
 
6.4.2 Temperature-dependent parameters 
 
The volumetric thermal expansion coefficient βt at 100 °C, 250 °C, 450 °C, 600 °C and 850 °C 
were determined in the laboratory (Yin et al. 2015). After the first increase at 573 °C, the thermal 
expansion of Laurentian granite experienced a second increase at 850 °C. This is in consistence 
with the findings from Hartlieb et al. (2016). Based on the lab data and the equations given in the 
(a) (b) 
(a) Uniaxial compression test                          (b) Brazilian test 




previous work (Wang and Konietzky 2019), the temperature-dependent linear thermal expansion 
coefficient is deduced as shown in Figure 6-13a. Thermal conductivity of dry granite at room 
temperature usually varies from 2 W/m°C to 3 W/m°C (Dwivedi et al. 2008; Zhao et al. 2018), and 
we set k0 = 2.5 W/m°C in this model. The tensile strength obtained from lab tests at different 
temperatures are converted into normalized form (see Figure 6-13c), so that we can assign the 
element properties based on the deduced tensile strength (see Table 6-6). 
 
 
Figure 6-13 Lab test parameters and corresponding fitting lines 
 
In the simulations, the thermal treatment was conducted with a heating rate of 2 °C/min until the 
target temperatures of 100 °C, 250 °C, 450 °C, 600 °C, and 850 °C are reached. As soon as the 
temperature reached the target values at the outer boundary, the temperature is maintained until 
reaching a uniform temperature inside the whole sample. Except for the relations in Figure 6-13, 
all the other temperature-dependent parameters follow the general equations given in section 2.2. 
Friction angle and dilation angle are set to be heterogeneous and temperature-independent. They 
follow the same softening law as shown in Figure 6-4, while the cohesion softening relations are 
taken from Figure 5-19. Heated granite becomes more ductile and the tensile deformation at failure 
varies with temperature. Experimental evidences indicate that strain softening is not a material 
property of rocks treated as continua, but rather the heterogeneity and brittleness caused by 
progressively distributed damage, such as dispersed microcracks, deterioration of material and loss 
of interparticle contacts (Li et al. 2017; Vignjevic et al. 2018). Since temperature can induce 
damage to the sample, the softening relations of granite strengths should be temperature dependent. 
(a) Linear thermal expansion coefficient        (b) Density             (c) Normalized tensile strength 




The softening relations for tensile strength of Laurentian granite at elevated temperatures are back-
calculated from the lab test results and plotted in Figure 6-14. 
 
 
Figure 6-14 Variation of softening parameters with plastic tensile strain εpt [mm/mm]. The 
subscript ‘e’ means the property at εpt = 0 
 
6.4.3 Thermal induced cracking 
 
Lin (2002) measured the permanent strain of thermal expansion, compressional wave velocity, and 
density of microcracks of Inada granite, implying the cumulative amount of newly generated 
microcracks and the opening of pre-existing microcracks appeared distinctly at a temperature 
between 100 °C and 125 °C and increased almost exponentially in the range from 200 °C to 573 °C. 
Vázquez et al. (2015) concluded that 130 °C is a threshold for microcrack development, while 
400 °C is the lowest temperature to produce damage visible under the microscope. By using AE 
monitoring and SEM, Chen et al. (2017a) found that 300 °C and 573 °C are two temperature 
thresholds for thermal cracking based on the emergence of a large number of AE hits around 300 °C 
and remarkable drop of b-value according to the Gutenberg-Richter-Relation at around 573 °C. 
What the authors did not mention is that, actually AE hits started already between 100°C to 200 °C 
and we can also see some new microcracks in the SEM image at 200 °C. This means microcracks 
start to occur between 100 – 200 °C, but become more obvious at about 300 °C. Zuo et al. (2017) 
conducted three-point bending tests on Beishan granite with thermal treatment and SEM 
observation, and numerous thermal microcracks were observed on the surface of granite pre-treated 
at the temperature of 125 – 200 °C. When pre-treatment temperature is higher than 300 °C, deep 




and long cracks appeared. Optical microscopic observations of Yang et al. (2017) showed that no 
obvious microcracks were observed at 200 °C, but microcracks have propagated across most grains 
with an obvious increase in crack quantity and width at about 600 °C. Zhao et al. (2018) presented 
SEM images of Beishan granite after thermal treatment. Compared with the result at 105 °C some 
microstructural alterations can be observed at 200 °C. They also found that the maximum widths 
of observed microcracks in the specimens treated with 300 °C and 400 °C are generally < 2 μm, 
while increasing significantly at 550 °C (4 μm) and 650 °C (8 μm). Zhao (2016) used a particle-
based method to simulate the process of thermal induced micro- and macrocracks in granite. They 
found that during the heating process sparsely distributed microcracks occurred after the 
temperature has reached 200 °C, with number of microcracks continuously increasing when 
temperature is rising from 200 to 400 °C. Therefore, we can conclude that generally thermal 
microcracks of granite begin to occur between 100°C to 200 °C, and then develop continuously at 
higher temperatures. 
 
The results of the ultrasonic P-wave velocity test (Yin et al. 2015) are consistent with the general 
trend of thermal crack development mentioned above. For Laurentian granite, P-wave velocity is 
not sensitive up to 100 °C, but decreases continuously beyond 100 °C (see Figure 6-15). This trend 
can be explained by the increase in the number and width of the thermal induced microcracks. The 
simulation results substantiate this interpretation of lab test results. The number of failed elements, 
which can be interpreted as microcracks, show a reverse tendency compared to the evolution of P-
wave velocity (see Figure 6-15). The quantity of induced cracks experiences the largest increase 
from 100 °C to 250 °C, but the P-wave velocity does not show the greatest decrease in this 
temperature range. This is because the reduction of P-wave velocity is influenced by both, crack 
number and width. Although a great amount of cracks is induced at lower temperatures (e.g. 
250 °C), the plastic tensile strain, which is proportional to the thermal induced crack width, is still 
very small (see Figure 6-16). The sharpest P-wave velocity decrease occurs between 450 °C to 
600 °C where α-β quartz transition happens at 573 °C. In this temperature range, quantity (see 
Figure 6-16a) and width (see Figure 6-16b) of thermal cracks increase strongly because of the rise 
of the thermal expansion coefficient at 573 °C. 
 




All in all, the Weibull-mineral based model can well reproduce the cracking behavior of granite at 




Figure 6-15 Variation of P-wave velocity and number of failed elements at different temperatures 
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6.4.4 Tensile strength after heat treatment 
 
After heat treatment, a Brazilian test with flat platens is conducted. The comparison between lab 
testing and simulation is presented in Figure 6-17, which documents a very close agreement. A 
noticeable phenomenon is that the tensile strength experiences a significant decrease at 600 °C and 
850 °C, which is attributed to the crack development with heating. As a result, the granite sample 
at 850 °C has been highly damaged by thermal treatment (Yin et al. 2015). Therefore, the Weibull-




Figure 6-17 Variation of tensile strengths after heating-up to different temperatures 
 




7 Numerical simulation of Eibenstock granite 
 
The constitutive model developed in Chapter 5 and the Weibull-mineral based method proposed in 
Chapter 6 were implemented into the code FLAC3D to simulate the thermal induced damage of EG 
at high temperatures. The corresponding thermo-mechanical properties obtained from slow heating 
tests were assigned to the elements (grains) accordingly.  
 
In chapter 7.1 the thermal induced damage of granite after heat treatments with slow heating rate 
(5 °C/min) is described. Both, lab tests and simulations show that macrocracks which can be 
observed by the naked eye are induced at about 1000 °C. Although these cracks are isolated, they 
interact, and they are widespread across the whole sample. Microcracks induced by thermal stress 
occur much earlier at a threshold temperature of about 80 °C. Thermal cracking increases 
progressively after 80 °C and the preponderance of newly formed cracks (more than 80 % in 
amount) are created below the quartz transition temperature of 573 °C. These microcracks are 
randomly generated across the whole sample. Although most thermal induced damages are tensile 
failures, shear failure begins to develop quickly beyond 500 °C and becomes significant thereafter. 
UCS reduction of granite during heating is mainly caused by increasing shear failure. This also 
explains why in the lab tests the most dominant UCS reduction is observed after treatment at 600 °C. 
The simulation results also indicate that the dominant impact of α-β quartz transition is widening 
of pre-existing cracks rather than the formation of new microcracks. 
 
In chapter 7.2 the simulation of high-speed heating scenarios (including ISO834 fire curve) of EG 
at elevated temperatures without cooling is illustrated. Stress-strain curves with different heating 
scenarios show that the maximum temperature has the dominant impact on the strength of granite 
samples while the influence of heating rates is relatively small. This is in agreement with the lab 
testing results. The negligible influence of heating rates on mechanical properties is related to the 
different cracking structure on the surface and inside of the granite samples.  
  




7.1 Simulations of EG after heat treatment with slow heating rate 
 
7.1.1  Geometry and boundary conditions 
 
A cylindrical sample (Figure 7-1a) with a radius of 25 mm and a length of 110 mm is created in 
FLAC3D. The corresponding Brazilian disc with a diameter of 50 mm and a thickness of 25 mm is 
shown in Figure 7-1b. Cylinder and disc consist of 21,600 and 16,128 elements, respectively. The 
heat flux is applied to all surfaces of the samples. Cylindrical sample and Brazilian disc are fixed 
at the bottom in XY and XZ planes which are perpendicular to gravity directions during the heating 
process. The heating rate is the same as during the lab tests (i.e. 5 °C/min) (see section 4). Once 
the target temperature is reached, the sample is continuously kept at target temperature until the 
temperature is uniformly distributed across the whole sample. The reduction in mechanical 
properties during slow heating–cooling cycles appears to be relatively small compared to 
continuous heating, and little structural damage occurs during the cooling phase of a thermal cycle 
(Johnson et al. 1978; Wang et al. 1989; Shao et al. 2014; Griffiths et al. 2018). Therefore, we 
assume that the influence of slow cooling can be neglected. The thermal option is switched off to 
simulate the mechanical loading up to failure at room temperature. 
 
 
Figure 7-1 Numerical model set-up. 
 

















 R = 25 mm 
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During the uniaxial compression test, a low velocity (1 × 10-8 m/s) is applied at the bottom and top 
of the cylindrical sample (see Figure 7-1a). A lower velocity (1 × 10-9 m/s) is applied at the upper 
and lower jaws during Brazilian tensile test (see Figure 7-1b). The radius of jaws is 1.5 × specimen 
radius and the width of jaws is l.1 × specimen thickness (ISRM 1978). The loading jaws are elastic 
with a bulk and shear modulus of 160 GPa and 80 GPa, respectively. Interfaces are also created to 
join the two sub-grids of the loading apparatus and the specimen to simulate an automatic contact 
during the loading process (see Figure 7-1b). The initial normal stiffness (kn) and shear stiffness 
(ks) of the interfaces are set as 1×1014 Pa. The model elements are divided into feldspar, quartz and 
mica randomly, and the mineral proportions are 50%, 44%, and 6% respectively. The 
corresponding Weibull parameters are calculated (see chapter 6 ) and documented in Table 7-1. 
 
Table 7-1 Mineral properties and corresponding Weibull parameters (Wang et al. 2020) 















m 2.7 16.8 1.8 4.2 8.3 7.7 12.1 12.7 25.8 
x0 1.12 1.03 1.12 1.1 1.05 1.06 1.04 1.04 1.02 
 
7.1.2 Temperature-dependent parameters 
 
Based on the lab tests described in chapter 3.2 and 4.2, the EG properties at room temperature and 
the normalized equations of temperature-dependent properties are obtained and documented in 
Table 7-2 and Table 7-3, respectively.  
 
Table 7-2 Model parameters at room temperature 
Parameters P0 
Coefficient of linear thermal expansion αt0 [1/K]  4.94×10-6 
Specific heat Cv0  [J/kgK] 706 
Thermal conductivity k0 [W/mK] 3.65 
Young's modulus E0 [GPa] 27.38 
Poisson's ratio ν0 0.26 (Tan et al. 2016) 
Tensile strength σt0 [MPa] 10.0 
Cohesion c0 [MPa] 25.5 (Tan et al. 2016) 
Friction angle φ0 [°] 53.7 (Tan et al. 2016) 
Density ρ0 [kg/m3] 2604 
 




The model is based on a strain-softening constitutive law, in which cohesion c and tensile strength 
σt soften after the onset of plastic yield. The softening behavior for cohesion and tension are 
provided by user defined functions in the form of tables and each table contains pairs of values: 
one for the plastic strain, and one for the corresponding property value (Itasca 2019). In this work, 
the table relating tension limit to plastic tensile strain is (0, σt0∙xi) (εt1, σti(T)) (εt2, 0), while the table 
relating cohesion to plastic shear strain is (0, c0∙xi) (εs1, 0.5ci(T)) (εs2, 0.2ci(T)). Plastic shear strain 
(εs) and tensile strain (εt) of each element are defined as shown in Figure 7-2. Based on Table 7-1, 
Table 7-2, Table 7-3, and Figure 7-2, the properties of granite samples are assigned to 
corresponding mineral grains. 
 
Table 7-3 Temperature dependent property equations 
Property of element i Temperature-dependent equation (in normalized form) 
ρi(T) = ρ0∙xi∙fρt/ρ0 0
6.484 0.0048 )
/ 1.00191/ (1 ), 0 C < 1000 C
Tf e T  
Ei(T) = E0∙xi∙fE/E0 0
6.250714 0.010708
/ 1/ (1 ), 0 C < 1000 C
T
E Ef e T  
σti(T) = σt0∙xi∙fσt/σt0 t t0
3.115 3.115 3.115
/ 1 1.182 / (608.213 ) 0 C 1 C000T Tf T  
νi(T) = ν0∙xi∙fν/ν0 [-] 0
-4
/ 13.11 0.020
-7 10 1.0052, 0 C 600 C





ci(T) = c0∙xi∙fc/c0 0
6 2
/
0.003 0.9933, 0 C 400 C
1 10 0.0008 1.606, 400 C 800 C
-0.0012 1.22,800 C 1000 C
c c
T T
f T T T
T T  




(2.5138 0.00039 ) / (1 0.0025 1.324 10 ), 0 C 573 C
1/ (198.23327 0.690845 6.01976 10 ),573 C 600 C
4.3797 2.3956cos(0.00905 2.798),600 C 887 C
 22.731979  18.773112cos 0.02618 0.82643
t
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T T T
f T T
T 8 ,887 C 980 C




Cvi(T) = Cv0∙xi∙fCv/Cv0 v v0/
0.0005 0.9856, 0 C 600 C





λi(T) = λ0∙xi∙fk/k0  0/ 0.174 0.897 0.9963 C00. 0 C 101 00 0 , 03
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Figure 7-2 Temperature-dependent parameters for softening tables 
 
Exemplary, Figure 7-3 illustrates the distribution of tensile strength and linear thermal expansion 
coefficient of different mineral grains at room temperature.  
 
 
Figure 7-3 Property distributions of different minerals at room temperature 
 
(a) Plastic tensile strain                                   (b) Plastic shear strain 
Tensile strength [Pa] 
Coefficient of linear 
 thermal expansion [1/°C] 
Quartz                              Feldspar                           Mica 




Since the dominant variation of thermal expansion coefficient of granite is caused by the α-β quartz 
transition, which will lead to significant volumetric expansion (Nordlund et al. 2014; Polyakova 
2014), the expansion coefficient of quartz grains follows the temperature-dependence given in 
Table 7-3. Considering that the proportion of mica is very small (only 6%) and that the thermal 
expansion coefficients of some micas can become extraordinary high around 600 °C (Hidnert and 
Dickson 1945), the thermal expansion coefficient of mica also follows the equation given in Table 
7-3 for simplicity. The thermal expansion variation of feldspars is relatively small and experiences 
an increase by a factor of 1.7 in the temperature range from 298 K to 900 K (Tribaudino et al. 2010; 
Nordlund et al. 2014). This trend is implemented in the numerical model as temperature-dependent 
expansion coefficient for feldspar. 
 
7.1.3 Simulation results 
 
7.1.3.1 Thermal induced cracks 
 
Before mechanical loading, no obvious cracks caused by thermal stresses are observed directly in 
the temperature range between 25 °C and 800 °C. However, samples experienced 1000 °C heat 
treatment show obvious macrocracks which can be observed by the naked eye (see Figure 7-4a and 
c). Although these cracks appear isolated, they interact with each other, and they are widespread 
across the whole sample. In a continuum numerical model, the macrocracks can be represented by 
a certain value of plastic strain (see Figure 7-4b and d). It is visible that the crack patterns of the 
simulations are in good agreement with the lab test observations in terms of macrocracks, if a strain 
value of about 0.09 is interpreted as macroscopic crack. 
 
Although the macrocracks are only visible above certain temperatures, change in P-wave velocity 
and open porosity (Figure 4-11) indicates that microracks induced by thermal stresses occur much 
earlier. Johnson et al. (1978) has also found that thermal cracking occurs when a certain threshold 
temperature is exceeded, which is different for different rocks (e.g. 75 °C for Westerly granite and 
200 °C for Sioux quartzite). They also found that thermal cracking increases progressively after 
threshold temperature and the preponderance of cracking occurs below the quartz transition 
temperature of 573 °C. This trend is also observed in our simulations.  
 




Figure 7-5 shows the variation of P-wave velocity (lab testing) and the number of failed elements 
(i.e. element with plasticity states) at different temperatures in the simulation. Failed elements can 
be interpreted as thermally induced microcracks. Their evolution in time shows a reverse tendency 
compared to the development of P-wave velocity. The quantity of induced cracks is increasing with 
increasing temperature and more than about 80% of the cracks are induced before 600 °C. Figure 
7-6 shows the plasticity states (i.e. microcracks) and plasticity tensile strain (cracks with certain 
widths) on the axial plane of the cylindrical sample. The crack initiation temperature is about 80 °C 
with a few randomly induced microcracks across the sample. The element failures begin to occur 
progressively after the threshold temperature. Most elements fail in tension in the temperature 
range from 80 °C to 1000 °C. However, at about 500 °C shear failure begins to develop quickly 
with increasing temperature (see Figure 7-6a). 
 
 
Figure 7-4 Thermal induced macrocracks of granite samples after 1000 °C heat treatment 
 
(a) Crack pattern of a cylindrical sample in lab           (b) Failure pattern (plastic-tension-strain) in simulation 
(c) Crack pattern of a Brazilian disc in lab                    (d) Failure pattern (plastic-tension-strain) in simulation 





Figure 7-5 Variation of P-wave velocity and number of failed elements at different temperatures 
 
 




80 °C                 100°C                  500 °C                 600°C              1000 °C 
(b) 
Plastic tensile strain 
80 °C                 100°C                500 °C                 600°C                 1000 °C 




Obvious macro damage cannot be observed directly with naked eyes before a certain high 
temperature (e.g. 1000 °C) is reached, because significant widening of the pre-induced cracks 
happens at higher temperatures. Lab tests have shown that below the quartz transition temperature 
of 573 °C, the decrease of P-wave velocity is associated with microcrack evolution, but above 
573 °C, new crack formation is relatively seldom and the P-wave velocity decrease is mainly 
caused by the widening of earlier formed microcracks (Johnson et al. 1978; Bauer and Johnson 
1979; Lin 2002). When plastic tensile strain in a failed element is bigger than 2.5e-3, the number 
of cracks widened by thermal stresses is much smaller than for cracks with tensile strain > 0 (see 
Figure 7-5). This trend becomes more obvious for cracks with tensile strain > 5e-3. Especially 
around 573 °C, the number of widened cracks shows the sharpest increase. After 600 °C, both, the 
decreasing rate of P-wave velocity and the increasing rate of number of failed elements show a 
simultaneous reduction. Therefore it is concluded, that the majority of newly created thermal cracks 
occurs in the range between 100 °C to 600 °C. The dominant impact of the α-β quartz transition is 
widening of pre-existing cracks rather than the formation of new microcracks. 
 
7.1.3.2 Granite strength after heat treatment 
 
After cooling down to room temperature, the granite samples were mechanically loaded. Figure 
7-7 compares the ultimate failure modes of granite samples before and after heating as observed in 
lab test and numerical simulations. The comparison of the failure modes of granite without and 
after heating (take 1000 °C as an example) indicates a significant influence of temperature 
treatment on failure behavior. At room temperature, the granite shows typically brittle behavior, 
and the samples split into several parts. For samples heated to 1000 °C, the cylindrical samples are 
crushed into fine pieces producing extended shear zones rather than sharp, single failure planes. At 
room temperature Brazilian discs are perfectly split in two parts through a tensile fracture in the 
loading plane while the lateral parts of the specimen remain fairly undamaged. However, after 
heating to 1000 °C in addition to the main fracture which still will split the Brazilian disc into two 
parts, a multiple fracturing process with many minor, secondary cracks is observed (compare 
Figure 7-4c, d and Figure 7-7g, h). The failure modes obtained by the numerical simulations are 
quite similar to those documented by the lab tests. This confirms the accuracy and reliability of the 
proposed numerical modelling strategy. 
 





Figure 7-7 Comparison of failure patterns of specimens after mechanical tests in lab and 
simulation (at room temperature and after heating-up to 1000°C) 
 
The axial stress-strain curves of cylindrical models are plotted in Figure 7-8. Before heating, the 
granite samples show a typical brittle stress-strain behavior. Strength and brittleness is gradually 
lost at elevated temperatures, especially beyond 600 °C. Samples heated-up to 800 °C and 1000 °C 
show a clear ductile behavior. Figure 7-9 compares uniaxial compression and tensile strength 
obtained by lab tests and simulations. Simulation results are consistent with the lab test results.  
 
 
Figure 7-8 Axial stress-strain curves of uniaxial compression tests (simulations) 
(a) 25 °C                (b) 25 °C                       (c) 1000 °C                (d) 1000 °C 
Tensile strain 
(e) 25 °C                  (f) 25 °C                      (g) 1000 °C                  (h) 1000 °C 
Shear strain 





Figure 7-9 UCS and tensile strength measured at room temperature after heating to certain 
temperatures 
 
Crack density and width show a strong increase after the threshold temperature of 80 °C (see Figure 
7-5 and Figure 7-6), and the tensile strength of granite shows a decrease with increasing 
temperature (see Figure 7-9b). However, UCS does not show a decrease up to about 400 °C 
although the number of failed elements keeps increasing (see Figure 7-9a). As Figure 7-10 clearly 
shows, shear failure only is dominant in samples previously treated at temperatures beyond 400 °C. 
Therefore, the obvious UCS reduction of granite due to heating is likely to be caused by increasing 
shear failures to a great extent. 
 
 
Figure 7-10 Amount of different types of failed elements at elevated temperatures 
 
(a) Uniaxial compression strength                                            (b) Tensile strength 




7.2 Simulations of EG considering high-speed heating 
 
7.2.1 Influence of heating rates on mechanical properties of EG 
 
To duplicate the lab test conditions in a simplified way (see Figure 7-11 a and c), the heat flux is 
applied directly to the middle part of the sample surface with a height of 66 mm (see Figure 7-11c). 
In lab tests, the mullite block consists of four cubes, and each cube has a dimension of 
60  60  60 mm. The density of mullite is about 3200 kg/m3. The fixed stress induced by mulllite 
block (σmullite) is therefore applied to the top of the sample in Flac3D (see Figure 7-11c). Since 
compression test under temperature is very time consuming, only a quarter of sample is used in 
this section. The fixed boundary of the quarter of the sample is the same as in Figure 5-20.  
 
 
Figure 7-11 Numerical model set-up based on lab test set-up 
 
A numerical model of EG with a radius of 25 mm and a length of 100 mm was built. Temperature-
dependent parameters are the same as the EG model in section 7.1. According to the simulation 
results shown in Figure 7-4 and Figure 7-7, the failed elements with plastic tensile strain > 7.5e-2 
or plastic shear strain > 2.5e-2 can be treated as macrocracks with large widths. Since the crack 
width cannot grow infinitely even under large thermal gradients (i.e. big thermal shock), thermal 
expansion of the element with ‘macrocrack’ is set to be 0. The thermal conductivity of air is 
(a) Heating device in lab testing                    (b) Sketch of heating device        (c) Numerical model 
Mullite block 


















 0.02 W/mK (Renteria et al. 2015) which is about 0.01 times that of the granite material. As a 
result, the thermal conductivity of elements with ‘macrocracks’ will be reduced 100 times to 
simulate the air condition in the ‘macrocracks’.  
 
The high-speed heating results have shown that the influence of heating rate on overall strength is 
relatively small compared with the influence of maximum temperature (see chapter 3.1). Although 
the thermo-couple was designed to detect the surface temperature of the sample in lab testing, the 
contact of thermocouple and graphite is not avoidable (see Figure 7-11a). This means the 
temperature obtained is significantly influenced by the graphite which has a much higher 
temperature than the sample surface temperature. Moreover, the heat insulation cotton cannot 
guarantee a thermal insulation effect as good as in an oven. Consequently, the sample surface 
temperature is actually lower than the target temperature. This means the strengths obtained at, for 
example 800 °C, are actually the values at a lower temperature (e.g. 650 °C). In addition, the 
deformation of single mullite cubes and the contact among connected cubes during load 
transmission can also influence the accuracy of uniaxial compression results. The absolute values 
of tested properties (especially the deformation) would be different from the properties obtained 
without mullite cubes (or real properties) to some extent. This difference does not influence the 
conclusion obtained from lab test since all the tests were conducted under the same loading 
condition, but it can produce difficulties in numerical simulations.  
 
In numerical simulations, these external factors cannot be reproduced. Therefore, a series of heating 
scenarios with target temperature of 600, 700, and 800 °C applying heating rates of 5, 25, 50, 100, 
200, 300 °C/min are designed to find out the most possible surface temperature for sample at 
800 °C in lab testing. As in lab testing, the uniaxial compression tests were conducted at target 
temperatures after 1 h holding time.  
 
Figure 7-12 shows the simulation results of stress-strain curves applying different heating scenarios. 
The characteristic of the simulation results, i.e. the maximum temperature has the dominant impact 
on the strength of granite sample while the influence of heating rates is negligible, is in good 
agreement with the lab test results (see chapter 3). We can also deduce that the real surface 
temperature of the samples with 800 °C target temperature is around 700 °C. 
 





Figure 7-12 Simulated stress-strain curves applying different heating scenarios 
 
The negligible influence of heating rates on mechanical properties such as UCS is related to the 
different cracking structure on the surface and inside of the granite sample. When heated to 700 °C 
(i.e. 800 °C in lab test), the high-speed heating causes several significant tensile-cracks due to large 
temperature gradients (see Figure 7-13d and e), while the slow heating rate leads to a more 
homogenous tensile crack distribution across the whole sample (see Figure 7-13b). Another 
difference is that almost no shear failures can be observed inside the samples experienced high 
speed heating of 300 °C/min (see Figure 7-13f), while slow heating rates can lead to a large number 
of shear failures throughout the sample (see Figure 7-13c). After 1 hour holding time at 700 °C (i.e. 
800 °C in lab test), the cracks in sample with 300 °C/min heating become more developed and 
some shear failures also appear inside (Figure 7-14). The change of sample with 5 °C/min heating 
during the hodling stage is relatively small. 
 
Therefore, the speed of heating can influence the crack pattern significantly. However, the 
combined effect of tensile and shear microcracks could be the reason for the relatively small 
difference in overall strength and stiffness. Moreover, the situation is even more complicated in 
reality since the crack distribution also influences the heat conduction (Clauser and Huenges 1995; 
Kumari et al. 2017a). Considering some other factors like maximum temperature, sample size, 
material properties, cooling method (e.g. furnace, air, or water cooling) etc., the crack pattern will 




be even more complicated. Nevertheless, the small strength variation in respect to different heating 
rates is caused by a different induced crack patterns. 
 
Figure 7-13 Simulation results of sample heated to 700 °C applying different heating rates 
 
Figure 7-14 Plasticity state of sample heated to 700 °C after 1 hour holding time 
(a) Temperature [°C]           (b) Tensile strain                (c) Shear strain 
(d) Temperature [°C]             (e) Tensile strain              (f) Shear strain 
5 °C/min 
300 °C/min 
(a) 5 °C/min        (b) 300 °C/min 




7.2.2 Thermo-mechanical behavior of EG according to ISO 834 fire curve 
 
Figure 7-15 shows the UCS of EG at 700 °C (i.e. 800 °C in lab testing) applying different heating 
rates. The heating rates show an influence on the strength of granite to some extent but the influence 
is relatively small (also see Figure 7-12). This finding is the same as in lab tests (see chapter 3.1) 
 
Figure 7-16 shows plasticity states in numerical models heated to different temperatures up to 
700 °C (i.e. 800 °C in lab testing) according to ISO 834 fire curve. Tensile failures begin to occur 
when sample surface temperature reaches about 200 °C (Figure 7-16a) in the direct heating area 
(see Figure 7-11). Microcracks are induced continuously when temperature increases and 
propagate across the whole sample after 500 °C. Most elements fail in tension at elevated 
temperatures, and shear failure begins to develop quickly after 500 °C.  
 
 
Figure 7-15 UCS of EG at 700 °C (i.e. 800 °C in lab testing) applying different heating rates 
 
Figure 7-17a shows the temperature distribution of EG sample heated-up to 500 °C, 600 °C, and 
700 °C. At 600 °C, the inside temperatures are around 400 to 500 °C in most parts. This means the 
α-β quartz transition only occurs in the surface area. The temperatures of most parts of the sample 
exceed the quartz transition temperature after heated-up to 700 °C. Therefore, the quartz transition 
happened inside of the sample heated-up to over 700 °C. From Figure 7-16 we can see that shear 
ISO 834 rates 




failures have a significant increase after the α-β quartz transition, which has a great impact on the 
reduction of granite strength. 
 
The cracks are mainly widened after the quartz transition (Figure 7-17b), which is also true for 
slow heating scenarios.  
 
 
Figure 7-16 Plasticity states of samples heated-up to different temperatures up to 700 °C (i.e. 
800 °C in lab testing) with ISO 834 fire curve 
 
 
Figure 7-17 Simulation results of models heated-up to different temperatures 
 
200 °C         300 °C        400 °C       500 °C      600 °C          700 °C 
500 °C       600 °C        700 °C 
(a) Temperature distribution [°C]                                    (b) Plastic tensile strain 
500 °C       600 °C        700 °C 




8 Conclusions and outlook 
 
8.1 Main conclusions 
 
The influence of temperature and heating rate on mechanical properties (i.e. Young’s modulus, 
UCS, peak axial strain, and strength parameters) and failure mode of Eibenstock granite under 
elevated temperatures have been studied. Supersonic frequency induction heating systems seem to 
be suited to perform lab tests with high speed heating rates and can even reproduce the non-linear 
ISO 834 standard fire temperature-time curve. The maximum temperature has the dominant impact 
on the mechanical properties of granite samples, while the influence of heating rates is relatively 
small. The small property variation in respect to different heating rates is caused by a different 
induced crack pattern. 
 
The impact of temperature up to 1000 °C on physical, mechanical and thermal properties as well 
as thermo-mechanical coupled behavior of EG were investigated. The physical properties including 
mineral composition, density, P-wave velocity, and open porosity are measured to be temperature-
dependent. P-wave velocity and porosity variations indicate continuously induced crack evolution 
at elevated temperatures and pronounced crack coalescence from 600 °C to 1000 °C. Uniaxial 
compression and Brazilian tests were carried out to measure UCS, Young’s modulus, stress-strain 
relationship, and tensile strength of EG before and after thermal treatment, respectively. Test results 
show that UCS slightly increases from 25 °C to 400 °C before decreasing rapidly up to 1000 °C, 
while Young’s modulus and tensile strength decrease continuously with rising temperature. Failure 
characteristics change from brittle failure up to a temperature of 600 °C to ductile behavior at 
800 °C and 1000 °C.  
 
The numerical simulation code FLAC3D was used to develop a numerical scheme to simulate the 
thermal induced damage of granite at high temperatures. Based on an extensive analysis of existing 
data, general relations between temperature and several thermo-mechanical parameters were 
established. Several versions of the well-known Mohr-Coulomb constitutive model with tension 
cut-off and strain softening were extended by the established thermo-mechanical parameter 
relations to investigate the potential of realistic simulation of thermal induced damage. Statistical 
methods combined with real mineral composition were used to characterize the heterogeneity of 




granite. Simulation results reveal the importance of thermo-mechanical property distributions at 
the grain size level for the overall thermo-mechanical behaviors at larger scale. The proposed 
numerical model can well reproduce the lab results of thermal induced micro- and macro-cracks, 
as well as the stress–strain behavior and the final failure pattern of granite after heat treatments.  
 
The speed of heating can influence the crack pattern significantly. The simulation results also 
reveal that the thermal induced microcracks at slow heating scenarios are randomly distributed 
across the whole sample, while several major cracks will form before the homogeneous distribution 
of microcracks for granite with high-speed heating. The small strength variation in respect to 
different heating rates is caused by a different induced crack pattern. Although most thermal 
induced damages are tensile failures, shear failure begins to develop quickly after 500 °C / 600 °C 
depending on heating speed. UCS reduction of granite due to heating is greatly influenced by the 
increase of shear failures. The simulation also shows that the dominant impact of the α-β quartz 
transition is widening pre-existing cracks rather than forming new microcracks. 
 
8.2 Limitation and Recommendations for future work 
 
Although a great progress has been made on investigating the thermal cracking of granite in both 
lab test and numerical simulation, further efforts are still necessary to extend the findings achieved. 
 
(1) The mechanical property variations of granite are likely very small considering the influence 
of slow and high-speed heating rates. However, the variations of thermal properties remain 
unknown. Especially the thermal expansion coefficient could have a significant impact on the stress 
variation and deformation of granite materials. Knowing the heating-rate dependence of thermal 
properties can help to obtain more reliable simulation results in respect to the thermo-mechanical 
behavior of granite. 
 
(2) The investigation of the cooling process is limited in this thesis. Some preliminary tests have 
indicated the complexity of the influence of the cooling process on crack closure. The mechanical 
behavior of granite might be affected by the factors including the maximum temperature, heating 
rate, sample size, material properties, cooling method (e.g. furnace, air, water cooling) etc. More 




comprehensive tests are still necessary to investigate how cooling rate influences the mechanical 
properties of granite. 
 
(3) A reliable simulation of the thermo-mechanical behavior induced by cooling is greatly 
influenced by accurate expansion/contraction coefficients during cooling. Since the mineral phase 
transition is reversible and the cracks tend to close during the cooling process, the thermal 
parameters become more complicated than during heating. Moreover, the parameter values might 
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